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Solid State 


| OVERVIEW iain sd 


1. Solid: It is a form of matter which possesses rigidity and hence a definite shape and volume. 


2. Classification of solids (Refer to Table 1.1) 


\ , y 


a. Crystalline b. Amorphous 


Note: All elements and compounds (including alloys) are crystalline whereas rubber, glass, plastics, etc., are amorphous. 


3 Classification of crystalline solids (on the basis of intermolecular forces in them) (Refer to Section 1.4) 
ae Metallic Covalent Ionic 
Molecules Kernels and mobile Non-metal atoms Positive ane 
as constituent electrons are constituent linked to adjacent atoms su ge en 
particles articles, e.g., Fe, Cu, Ag by covalent bond are p 7 
| P ° constituent particles. e.g. NaCl, MgO. 
| They form giant molecule, ZnS, CaF, 


e.g., diamond, SiC, 


Vv Si02, AIN, graphite 
Polar Non-polar H-bonded 
molecular molecular molecular 
solids solids solids 
eg, HCL, e.g., He and e.g., H20 (ice), 
solid SO2, Ar NH3, ROH 
4. Types of symmetry in crystals iii. Centre of symmetry or inversion of symmetry = 1 
a. Law of symmetry: It states that all crystals of a .. Total number of elements of symmetry in a cubic 
substance possess the same element of symmetry. Three crystals = 9 + 13 +1 = 23 
important elements of symmetry are: — c. Axis of six-fold or a hexad axis of symmetry: This 
i. Plane of symmetry ii. Axis of symmetry 


type of symmetry is possible in hexagonal crystals and 


iii. Centre of symmetry. not in cubic crystals. 


b. The total number of elements of a symmetry in a cubic 5. Crystal lattice and unit cells 

crystal = 23 a. A crystal lattice is a 3-D arrangement of constituent 

i. Plane of symmetry = 3 (rectangular plane of particles in a crystal. 
symmetry) A unit cell is the smallest portion of a crystal lattice 
+ 6 (diagonal plane of which when repeated in different directions gives the 

symmetry) entire lattice. 

=o Thus, for a 3-D lattice, a unit cell is described by three 
ii. Axis of symmetry = 3 (four-fold or a tetrad axis of edges (a, b, and c) and angles between then (a £, and y). 
symmetry) b. Seven crystal systems and 14 Bravais lattice: Just 
+ 4 (three-fold or triad axis as there are five possible 2-D lattices, there are seven 
of symmetry) crystal systems which constitute 14 possible 3-D lattices 


+ 6 (two-fold or diad axis and are called Bravais lattices. 
of symmetry) = 13 


1.2 Physical Chemistry 
6. a. 


10. 


11. 


12; 


ree dimensions: 
packing (hcp) is ABA-ABA... 
which tetrahedral voids (TVS) 
d by the spheres of third layer. 
found in metals such Mg 


Close-packed structures in th 


Hexagonal close 
arrangement of layers 10 
of second layer are covere 
This arrangement of atoms is 
and Zn. 

Cubic close packing (ccp) is ABC-ABC as ee 
of layers in which the third layer 1s placed above the 
second layer in a manner such that its spheres cover 
the octahedral voids (OVS). This is also called face- 
centred cubic (fcc) structure. Metals such as Cu and Ag 
crystallize in this structure. 
ked arrangements in 


b. fcc or ccp and hep are close pac | 
space 1S 


which the coordination number is 12, 74% 
occupied, and 26% is empty while bcc is not a close 
packed arrangement and has a coordination number of 
8, 68% space occupied, and 32% is empty. 

a. Number of atoms present in a close packed structure 
= Number of octahedral voids = 4 per unit cell 

b. Number of TVs = 2 x OVs = 2 x Number of atoms in 
a close packed structure = 8/unit cell 


c. Number of TVs = 2 x Number of occupied voids 


d. Number of atoms (or ions) present in a close packed 
structure (fcc or ccp) = 4/unit cell 


Number of TVs = 8/unit cell = — = 2/atom 


|p floc 


Number of OVs = 4/unit cell = — = 1/atom. 
Radius of TV = 0.225r 
Radius of OV = 0.414r 


where r is the radius of ions (mostly cations) in the packing. 


.- Location of TVs and OVs in a close packed structure 


(Refer to Section 1.14.4) 
Radius ratio rule 


. _ Radi i 
Radius ratio = Sadips Of cation m or k or — 

Radius ofanion % çv, 
Structures of ionic crystals 


Ionic compounds have any one of the fi i 
ollow 
of structures: , Wii 


a. AB type: Rock salt (NaCl) type, CsCl-type structure 
zinc blende (Zns) or sphalerite-type structure. 


‘b. AB, type: Fluorite type, e.g., CaF,, BaF,, etc. 


A,B type: Antifluorite type, e.g., Na,O, L1,0, etc 
d. Ligancy as a function of radius ratio in 1 : 1 or AB- 
type structure (Refer to Table 1.11) 


Hexagonal close packed structure (hep) 


a. Zin hep = 6/unit cell = Number of OVs 
Number of TVs = 6 x 2 = 12/unit cells 
b. Base area of hexagon = 6/372 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


2 
c. Height of hexagon (c) = 4r x E 


- 2a x |? 
3 


d. Volume of unit-cell of hexagon = 24/273 


E: a= y 


6 x Volume of atom 


‘ fr ti n= 
e. Packing fractio Volume of unit cell 


be nr 
3 


T 
= ———— = — = 0.74 
24J2r° a 


© ratio of ideally close packed hep crystal: 
a 
č 


ent P-a f -ne 
a 2r V3 3 


Effect of temperature and pressure on the cryst 
structure 

On the application of high pressure, NaCl-type structur 
(6 : 6 coordination) transform to CsCl-type structure 


(8 : 8 coordination), while on heating reverse occurs, 


P 
NaCl-type structure ——— CsCl-type structure 


| 760 K 
(6 : 6 coordination) (8 : 8 coordination) 
Structure of diamond cubic (dc) 


(Refer to Section 1.17) 


Normal spinel structures (AB,O,) 
(Refer to Section 1.18.1) 


Inverse spinel structure (AB,O,) type 
(Refer to Section 1.18.2) 


Corundum structure (A,O, type) 
(Refer to Section 1.19) 


Structure of red brown a-Fe,O, 
[Refer to Section 1.19.1(b)] 


II Ill +2 +3 
Structure of Fe,0, (FeO-Fe,O, or FeO -Fe,0;) 


It has inverse spinel structure. [Refer to Section 1.19.1()] 


Perovskite structure (BaTiO,) 
(Refer to Section 1.20) 


Rutile structure (TiO,) 
(Refer to Section 1.21) 
a. Void volume in ionic compound 


Void volume per unit volume of unit cell 
= 1 — Packing fraction 
b. Refer to Table 1.12 for summary of the main characte" 


istics and examples of some simple ionic solids. 


a. ra of rational indices (Hauy’s law): Refer to Sectio" 
2A. 


b. Weiss indices: The coefficients of unit intercepts 
(a, b, c, i.e., l,m, n are known as Weiss indices of a plane. 
For example, for a crystal plane which cuts through the 


24. a. Polymorphism: The occurrence of different crystal 


forms of the same substance is called polymorphism. 

For example, ZnS (zinc blende) and ZnS (wurtzite). 

b. Allotropy: Polymorphism occurring in elements is 

called allotropy. Allotropy can be of three types: 

i. Enantiotropy: One form is interconvertible to 
another at a fixed transition temperature under 
specified pressure, e.g., al 96.6°C, rhombic S is 
converted to monoclinic S and vice versa. 

ii. Monotropy: One form is unstable at all temperatures 
and is converted to stable form, e.g., 

0, — 0,, red P, — yellow P}. 

iii. Dynamic allotropy: Both forms exist side by side in 
equilibrium at all temperatures, €.8., Aand u sulphur. 

c. Isopolymorphism: If each of the two different forms 

of a polymorphic substance is isomorphous with a form 

of another polymorphic substance, then it is called 
isopolymorphism. 

d. Law of isomorphism: According to Mitscherlich, 

isomorphous substances have similar chemical 

constitution, i.e., they have the same number of atoms 
similarly arranged and therefore have same formula. 

For example, K,SO, and K,CrO,; ZnSO,°7H,O and 

MgSO, 7H,0O are isomorphous. 


or at vacant interstitial sites. For each Ba” or Sr ton 
introduced into NaCl crystal one hole is created (one 
vacancy) which makes NaCl as a semi-conductor. 


The number of Schottky defects present in an ionic 


crystal axis at (2a, 3b, c), the Weiss indices = 2,3, 1. c. Q ere 
c. Miller indices: Reciprocal of the Weiss coefficients and aaka eile N ions at temperature T is given by: 
multiplying through by the smallest number that will n=Ne "= 
express all the reciprocals as integers. where / is the energy required to create these n Schottky 
For example: Weiss indices=2 3 | defects and K is the Boltzmann constant and is equal to 
R 
Reciprocal = TE = = 138% 107 TK". 
2 3 1 Ny 
Simplifying= 3 2 6 d. The number n of Frenkel defects in an ionic crystal 
Miller indices are (3 2 6). containing N ions and N, the number of interstitial sites 
d. d-spacing: The distance between two parallel planes in at a a T, is given by: 
a cubic crystal is given by: E N | — 
a n=|—| e 
ed ~ where E is the energy required to create n Frenkel 
where a = edge of the cube, and h, k, and / are Miller defeat 
indices of the parallel plane. l l l 
d-spacing for sc, fec, and bec For NaCl at 1000 K, the energies of formation of these 
e iii i a a defects are 2 eV and 3 eV, respectively (1 eV = 1.602 
Forse: dioc dot tu = 2 * TS * Te x 10719 J). 
J2 ° V3 | o 
a a a e. Fraction of the surface of a crystal vacancy 1$ given by: 
For fe: dopa 2 Gasg 2 Qa SP Se e e 
OF ICC: Gago = 220° 7111 5 * Ia * 3 n Rr 
For bee: darn : dir : dogg = = IESE M 
Or DCC: 200 * #110 222 2 A2 B3 26. a. Conduction of electricity in metals and semicon- 


ductors: Metallic conductors conduct electricity due to 
the movement of electrons while electrolytes conduct 
electricity due to the movement of ions. 

The conductivity of metals depends upon the 
number of valence electrons available per atom. These 
atomic orbitals of metal atoms form molecular orbital 
which are so close in energy to each other as to form a 
band. 

In metals, there is no gap between valence band 
and conduction band. Hence, electrons can flow easily 
under an applied electric field and the metal shows 
conductivity. 

In insulators, the gap between valence band and 
conduction band is large; electrons cannot jump to over 
it and such a substance has very low conductivity. 

In semiconductors, the gap between valence and 
conduction band is small, hence some electrons may 
jump to conduction band and show some conductivity. 
Si and Ge show this type of behaviour and are called 
intrinsic semiconductors. The conductivity of a 
semiconductor increases with rise in temperature. 
Doping: The conductivity of'an intrinsic semiconductor 
increases by adding a suitable impurity. This process is 
called doping, and it can be done by adding an impurity 
which is electron rich or electron deficient as compared 


25. Imperfections in solids to Si or Ge. Such impurities introduce electronic defects. 

a. Irregularities in the arrangement of constituent particles è 
are called defects. 

b. Impurity defect: This defect is due to the presence of 


foreign atoms at lattice sites (in place of host atoms) 


Electron-rich impurities (n-type semiconductor): 
When Si (Group 14) is doped with phosphorous (Group 
15), unshared electrons make Si n-type (negatively 
charged electron) semiconductor. 
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urities (p-type e 
ductor): When Si (Group 14) is doped ee Abe 
(Group 13), holes are created and Si pe 

(positively charged holes) semiconductor. oe 
Diode: It is a combination of n-type and p-typ 
semiconductors and is used as a rectifier. 

e made by sandwiching a layer of 
ween two layers of other 
d pnp type of transistors 
audio signals. 


d. Electron-deficient imp 


f. Transistors: They ar 
one type of semiconductor bet 
type of semiconductor. npn ana } 
are used to detect or amplify radio or 
Group 13-15 compounds are InSb, AIP, and GaAs. In, 
Al. Ga (Group 13) and Sb, P, As (Group 15) elements. 


h. Group 12-16 compounds are ZnS, CdS, CdSe, and 
HgTe. Zn, Cd, Hg (Group 12) and S, Se, Te (Group 16) 
elements. 

Magnetic properties: Substances are classified into five 

categories on the basis of their magnetic properties: 

a. Diamagnetism: Such substances are weakly repelled 
by a magnetic field. It is shown by those substances 
which have all paired electrons, e.g., H,O, NaCl, and 
C,H,. They are weakly magnetized in magnetic field in 
opposite direction. 

b. Paramagnetism: Such substances are weakly attracted 
by a magnetic field. It is shown by those substances 
which have one or more unpaired electrons. They are 
magnetized in magnetic field in the same direction, e.g., 
O,. Cu”, Fe**, Cr**. They lose their magnetism when 
magnetic field is removed. 

c F erromagnetism: Such substances remain permanently 
magnetized even when magnetic field is removed. For 
example, Fe, Co, Ni, and CrO.. 

d. Antiferromagnetism: Such substance have zero 
panies ares because there are equal number of 

Pposite spin. For example, MnO. 


ga 


Ferrimagnetism: Such substances have small Magnes 
moment because they have unequal number of electro i 
with opposite spin. For example, Fe,O,, MgFe,0 
ZnFe,O,. 

These substances also lose ferrimagnetism on he 
and become paramagnetic. 

f. Curie temperature: The temperature above whic 
no ferromagnetism is observed is known as Cutie 
temperature. 

28. Dielectric properties or electrical properties of Pola, 
crystals: Polar crystals are classified into five Categorie, 
on the basis of their electrical properties. 

a. Piezoelectricity: When mechanical stress js applied 
on a polar crystal, electricity is produced due to the 
displacement of ions. For example, PbZrO,, NH „LPO 
and quartz. 

b. Pyroelectricity: The electricity produced on heating 
polar crystal is called pyroelectricity. 

c. Ferroelectricity: Ferroelectric crystals remai 
permanently polarized even in the absence of ele 
field. For example, BaTiO,, Rochelle Salt, KRPO, 

d. Antiferroelectricity: Antiferroelectric crystals hava 
zero dipole moment because they have equal number 
opposite dipoles. For example, PbZrO.. 
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Note: All ferroelectric crystals are piezoelectric but reverse 
is not true. 


e. Superconductivity: When the electrical resistance 
of a substance becomes almost zero, it 1s called 
superconductor. For example, YBa,Cu,O- at 90 K. 

Note: 
i. Hg becomes superconductor at 4 K. 
ii. Amorphous silica is used in making photovoltaic cell 
(to convert sunlight into electricity). 
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1.1 INTRODUCTION 


Matter can be classified into three categories depending upon its 
physical state, namely, solid, liquid, and gas. 


1.2 GENERAL CHARACTERISTICS OF 
SOLID STATE 


Under a given set of conditions of temperature and pressure, 
whether a substance will exist as a solid, liquid, or gas depends 
upon the net effect of two opposing factors: 
a. Intermolecular forces: These forces exist among the 
constituent particles (atoms, molecules, or ions) and tend 
to keep the molecules closer. 


b. Thermal energy: This energy among the constituent 
particles is due to temperature and tends to keep them apart 
by making them move faster. 


At sufficiently low temperature, the thermal energy is low, but 
intermolecular forces are so strong that the particles come so close 
that they cling to one another and occupy fixed positions and are 
unable to move. They can still oscillate about their mean positions 
and the substance exists in solid state. 

Some of the common characteristics of solids which distinguish 
them from the other two states of matter are: 


a. Solids have definite volume irrespective of the size or shape 
of the container in which they are placed. 
b. Solids are rigid and have definite shapes. 


c. Many solids have a crystalline appearance and have definite 
pattern of angles and planes. 

d. Solids are almost incompressible, having compressibility 
approximately 10° times more than gases. 


e. Solids have a much higher density (mass-to-volume ratio) 
than that of gases or liquids. 


fag] 


. Solids diffuse very slowly as compared to liquids or gases. 
Constituent particles are very closely packed in solids 
permitting very little space for their movement. 


g. Most solids become liquid when heated. Some undergo 
sublimation on heating. The temperature at which a solid 
changes into liquid is called melting point and the process is 
called as melting. Due to the varying nature of solids, their 
melting temperatures vary considerably. 


1.3 CLASSIFICATION OF SOLIDS 


On the basis of the nature of order present in the arrangement of 


their constituent particles, solids are classified as crystalline or 
amorphous. 


1.3.1 CRYSTALLINE SOLIDS 


All solid elements (metal and non-metals) and compounds exist 
m crystalline form. In a crystal, the arrangement of constituent 
Particles is of long range order. It usually consists of a large 
number of small crystals each of which has the same regular 
Pattern or arrangement of particles. This arrangement repeats itself 
Periodically over the entire crystal. 

Crystalline solids have a sharp (characteristic) melting point. 
They are anisotropic in nature, that is, they show different physical 


properties such as refractive index, electrical resistance (or aps 
ductance), thermal expansion, etc., along different a 
the same crystal. This is due to different arrangement of partic p 
in different directions, which results in the value of same o 
property to be different along each direction, as shown in Fig. 1.1. 
NaCl and quartz are some examples of crystalline solids. 
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Fig. 1.1 Anisotropy in crystals due to different arrangement of particles 
along different directions 


1.3.2 AMORPHOUS SOLIDS 


In amorphous solid (Greek: a without; morphe ‘shape, form), the 
arrangement of constituent particles is of short range order and 
consists of particles of irregular shape. In such an arrangement, a 
regular and periodically repeating pattern is short distance only. 
Such portions are scattered and in between the arrangement is 
disordered. Crystalline solids are isotropic in nature because 
there is no long range order in them and the arrangement is 
irregular along all the direction. That is, they show similar 
physical properties (like, refractive index, electrical resistance or 
conductance, thermal expansion, etc.) along any direction. 

The structures of quartz (crystalline) and quartz glass 
(amorphous), respectively, are almost identical. Yet in the case 
of amorphous quartz glass, there is no long range order, and its 


structure is similar to that of liquids. Glass, rubber, and plastics 
are some examples of amorphous solids. 


In fact, only the crystalline solids are true solids whereas 
amorphous solids are considered to be highly supercooled liquids 
of very high viscosity and are called pseudosolids. Like liquids, 
amorphous solids have a tendency to flow slowly. This is supported 
by the fact that the glass panes fixed in the windows or doors of 
old buildings are found to be slightly thicker at the bottom than at 


the top. This is because glass flows down very slowly and makes 
the bottom portion slightly thick. 


Moreover, due to short range order in amo 


rphous compounds, 
small parts of an 


amorphous solid crystallizes while rest does 
not crystallize. This is also supported by the fact that some glass 
objects from ancient civilization are found to become milky in 
appearance because of crystallization. 


The main points of distinction between crystalline and 
amorphous solids are summarized in Table 1.1. 


P 


1.6 Physical Chemistry 
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Table 1.1 Distinction between crystalline and am 
Crystalline solids he 
They have sharp melting 
| “The internal arrangement 
possess definite and regular geo! 
range order. E 


Properties 
Melting point 
b. | Crystal geometry 


-| Heat of fusion They have characteristic 
Physical state Crystalline solids are 
| distorted by mild distorting forces. 


| 
= 


—+— 


e. External form 


| There is regulari 
| formed. Crystal 
| with a sharp-edged knife. 


is regular, so they 


> heat of fusion. ; 
hard and rigid, shape is not 


ty in the external form when crystals are 
line solids give a regular cut when cut 


— | Amorphous solids 
a EE do not have sharp melting points. 

The internal arrangement of particles is irregu 
Thus, they do not have any definite ge ate 
They have short range order. y 


They do not have characteristic heat of fusion | 


Amorphous solids are comparatively soft and n | 
very rigid. These can be distorted by bendin Not 
compressing forces. & or | 


There is no regularity in the external form whe. | 
amorphous solids are formed. Amorphous solig, 
give irregular cut. 31 


L _| ae | ù - : — —— 
sotropic. This implies that 
fractive index, conductivity, 


different in different 
tofparticles. | arrangement of particles. 
: i R 


| Crystalline solids are ani 
physical properties such as re 
thermal expansion, etc., are 


If. Anisotropic or 
isotropic nature 


directions. This is due to orderly arrangemen 


| | ; ae ar — || 

Amorphous solids are isotropic in nature, This 
implies that various physical properties are Same | 
in all the directions. This is because of the random 


| Crystals of NaCl, CsBr, CaF,, and ZnS. 


Rubber, glass, and plastic. i = 


Examples BS à 


Note: Some substances adopt different arrangeme 
different structures have different properties such a 
polymorphic forms of carbon. 


1.4 CLASSIFICATION OF 
CRYSTALLINE SOLIDS 


Most of the solid substances are crystalline, for example, 
metallic elements such as Fe, Ag, Au, Cu, and non-metallic elements 
such as phosphorous (P,), sulphur (Sg), and I. Compounds such 
as NaCl, ZnS, and naphthalene form crystalline solids. 

They are further classified on the basis of the nature of 
intermolecular forces in them into four types (a) molecular, 
(b) metallic, (c) covalent, and (d) ionic solids. 


1.4.1 MOLECULAR SOLIDS 
The constituent particles in molecular solids are molecules. They 
are further subdivided into the following types: 

a. Polar molecular solids: They are formed by covalent bonds. 
The molecules are held by relatively stronger dipole-dipole 
interactions (Fig. 1.2). Their melting points are higher than 
those of non-polar molecular solids. These solids are soft 
and non-conductors of electricity. Some of them are gases 
or liquids under room temperature and pressure. 


Example: HCI, solid SO,, and solid NH}. 


Fig. 1.2 Dipole-dipole force of attraction 


b. Non-polar molecular solids: They are formed by either 
atoms (e.g., He and Ar) or molecules formed by non- 
polar covalent bonds (e.g., H,, Cl,, and I,). The atoms or 


nts under different conditions. Such compounds are called as polymorphs. These 
s melting point, density, etc. For example, diamond and graphite are two different 


molecules are held by weak dispersion forces or London 
forces (Fig. 1.3). Like polar molecular solids, they are also 
soft and non-conductors of electricity. But their melting 
points are lower than those of polar molecular solids. 
They are usually present in liquid or gaseous state at room 


temperature and pressure. | 


eS 


.. , Force of attraction 
it 
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a ae London forces ; 
; a 
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Helium atom 2 


Helium atom 1 


Fig. 1.3 Weak London dispersion forces 


c. Hydrogen-bonded molecular solids: In such solids, the 

molecules contain polar covalent bonds between H and E 
O, or N atoms. Hence, the intermolecular forces of ait 
ction in these molecules are the strong hydrogen bonds, 
e.g., H,O (ice), NH;, ROH, glycol (HOCH,—CH,04) 
etc. 
They are volatile liquids or soft solids at room temperatur 
and pressure. They are non-conductors of electricity. Thet 
melting and boiling points are generally higher than the 
molecular solids of the first two types. 


1.4.2 METALLIC SOLIDS 

In such solids, the constituent particles are orderly 
positively charged metal ions (called kernels) surroun 
sea of free electrons. These electrons are mobile and ar 
spreaded out throughout the crystal and flow throughout the me 
crystal such as water in the sea. These are produced from mer 
atoms having low ionization energy and can easily lose the! 
valence electrons to leave behind positively charged ions (kernel 
Each metal atom contributes one or more electrons towards > 
sea of mobile electrons. Hence, it is called electron sea moder 


arranged 
ded by? 
e eveni} 


ee EEEE 
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Metallic bonding is also explained by electron gas model because - 


the electrons are free to move in all directions like the molecules of 
a gas. These mobile electrons are simultaneously attracted by the 
positive ions (kernels) and hence hold these positive ions together. 
The force that holds the metal ions together in the crystal is called 
metallic bond. Greater the number of mobile electrons, greater is 
the force of attraction, and hence stronger is the metallic bonding 
resulting in high melting and boiling points. 
Following are the characteristics properties of metallic solids: 
a. They possess high electrical and thermal conductivity. 
When an electrical field is applied, the mobile electrons flow 
through the network of positive ions. Similarly, when heat 
is supplied to one portion of the metal, the thermal energy 
is uniformly spreaded throughout by free electrons. 


. They possess lusture and colour in certain cases. This is also 
due to the presence of free electrons in them. 


When visible light falls on the metal, the free elecitons 


oscillate about their mean position and reflect light in all 
directions and thus are lustrous. 


. They are highly malleable and ductile. This is because of the 
non-directional nature of the metallic bonding. On beating, 
one layer of metal slides over the other because the position 
of the positive ions can be altered without destroying the 
crystal lattice and also the uniform charge distribution 
provided by mobile electrons. For these reasons they can 
be moulded into sheets and wires. 


. They have high melting points and high densities due to the 
close packing of the positive ions in the crystal and due to 
high metallic bonding. 


1.4.3 COVALENT OR NETWORK SOLIDS 


In covalent solids, the constituent particles are non-metal atoms 
linked to the adjacent atoms by covalent bonds throughout the 
crystal. As a result, a network of covalent bond is formed. Hence, 
they form giant molecules. 

Diamond and silicon carbide (SiC) (or called carborundum) are 
some examples of such solids. In diamond, the C-atoms are linked 


Table 1.2 Different types of solids 


together by covalent bond to give a three-dimensional structure. 
Following are the characteristic properties of covalent solids: 
a. They are very hard and brittle since covalent bonds are 
strong and directional in nature. 
. They have extremely high melting points and may even 
decompose before melting. 


c. They are insulators and do not conduct electricity. 


Exception: Graphite is soft and a conductor of electricity. Its 

` exceptional properties are due to its typical structure. The C-atoms 
are arranged in different layers and each atom is covalently 
bonded to three of its neighbouring atoms in the same layer. The 
fourth valence electron of each atom is present between different 
layers and is a conductor of electricity due to these free electrons. 
Graphite is a soft solid and a good lubricant because different 
layers in graphite can slide over the other. 


1.4.4 Ionic SOLIDS 
In ionic solids, the constituent particles are positive and negative 
ions. Such solids are formed by the three-dimensional arrangement 
of positive (cations) and negative (anions) ions held by strong 
electrostatic (coulombic) force of attraction. 

The characteristics of ionic solids are as follows: 


a. They have high melting and boiling points due to strong 
electrostatic force of attraction. 


. They are electric insulators in the solid state because their 
ions are not free to move about. However, in the molten state 
or when dissolved in water, the ions become free to move 
about and hence they conduct electricity. 


. They are soluble in polar solvents but insoluble in non-polar 
solvents. 


. They are hard due to strong electrostatic forces of attractions 
and the ions are closely packed. 


. They are brittle because their stability depends upon the 
retention of their geometrical pattern. 


The different properties of the four types of crystalline solids 
are summarized in Table 1.2. 


Type of solid 


Constituent Bonding/ 


Physical 


Examples Electrical 


electrons 


| Melting point 
particles attractive nature conductivity | 
SH forces a 
1. | Molecular solids 
a. Non-polar Molecules Dispersion or | Ar, CCl,, Soft Insulator Very low 
b. Polar London forces | H}, I,, CO, Insulator Low 
dipole-dipole | HCI, SO, 
interactions 
c. Hydrogen Hydrogen H,O (ice) Hard Insulator 
bonded bonding a 
2. | Metallic solids Positive ions ina | Metallic Fe, Cu, Ag, | Hard but Conductors in solid | Fairly high 
sea of delocalized | bonding Mg malleable state as well as in 


and ductile | molten state 
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3. | Covalent or Atoms Covalent 
network solids bonding 
lonic solids Tons Coulombic or 


electrostatic 


SiO, Hard 
(quartz), 

SiC, C 

(diamond), 

AIN, 


C (graphite) Soft 


NaCl, MgO, Hard but l 


ZnS, CaF, brittle 


Insulators 


Conductor 
(exception) 


Insulators in solid High 


state but conductors 
in molten state and in 
aqueous solutions | 


1.5 TYPES OF SYMMETRY IN CRYSTALS 


Crystals possess a regular, repetitive internal structure. The 
concept of symmetry describes the repetition of structural features. 
Crystals therefore possess symmetry, and crystallography is 
basically concerned with describing different types of symmetry. 
Broadly, two general types of symmetry exist. These consist 
of translational symmetry and point symmetry. Translational 
symmetry describes the periodic repetition of a structural feature 
across a length or through an area or volume. The concept ofa 
lattice is directly related to the idea of a translational symmetry. 
Point symmetry, on the other hand, describes the periodic 
repetition of a structural feature around a point. Reflection, 
rotation, and inversion are all point symmetries. These are 
explained as below: l 
a. Reflection/plane of symmetry: It is an imaginary plane 
which passes through the centre of crystal and divides 
it into two equal portions such that one part is exactly 
the mirror image of the other. A cubic crystal such as 

NaCl possesses, in all, nine planes of symmetry: three 

rectangular and six diagonal planes of symmetry. 

i. Rectangular plane of symmetry: These are the planes 
situated midway parallel to the opposite faces. Since a 
cube has six faces, so it has three rectangular planes of 
symmetry as shown in Fig. 1.4. 


a” 


Fig. 1.4 Rectangular planes of symmetry 


ii. Diagonal plane of symmetry: These are the planes 
touching the opposite edges. They lie on the diagonal 
of opposite faces. Since there are 12 edges or 6 pairs of 
opposite edges in a cubic crystal, as much as six diagonal 
planes of symmetry are possible in a cubic crystal 


(Fig. 1.5). 


Fig. 1.5 Diagonal planes of symmetry 


Thus, planes of symmetry in cubic crystal 
= 3 rectangular planes of symmetry + 6 diagonal planes 
of symmetry 
= 9 planes of symmetry 
b. Rotational symmetry/axis of symmetry 

Axis of line of symmetry: It is an imaginary line (or axis) 
about which the crystal may be related so that it presents 
the same appearance more than once in a complete rotation 
through 360°. In a cubic crystal, the axis of symmetry may 
be of three types depending upon the number of times the 
identical appearance occurs during the course of a complete 
rotation of 360°. 

i. Axis of four-fold symmetry: Imagine a line passing 
through the centres of two opposite faces of a cube. 
On rotating the cube above this line as axis, the self 
coincidence (identical appearance) of the cube occurs 
four times during the course of rotation through 360°, 
i.e., the original appearance is repeated as a result of 
rotation through 90°. Such an axis is said to be an axis 
of four-fold symmetry or a tetrad axis. Now since there 
are six faces or three pairs of opposite faces in a cubic 
crystal, three such axes at right angle to each other are 
possible (Fig. 1.6). 


Fig. 1.6 Axis of four-fold symmetry 


ii. Axis of two-fold symmetry: Imagine a line passing 
through the centres of the two diagonally opposite edges 
of a cube. On rotating the cube about this line as axis, 
the identical appearance of the cube occurs twice during 
the course of rotation through 360°, i.e., the original 
appearance is repeated as a result of rotation through 
180°. Such an axis is said to be an axis of two-fold 
symmetry or a diad axis. Since there are 12 edges or six 
such diagonally opposite pairs of edges in a cubic crystal, 
six such axes are possible (Fig. 1.7). 


Fig. 1.7 Axis of two-fold symmetry 
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iii. Axis of three-fold symmetry: Imagine a line passing 
through the opposite corners of a cube along the body 
diagonal. On rotating the cube about this line as axis, 
the identical appearance of the cube occurs three times 
during the course of rotation through 360°, i.e., the 
original appearance is repeated as a result of rotation 
through 120°. Such axis is said to be an axis of three- 
fold symmetry or a triad axis. Now since there are eight 
corners or four such body diagonally opposite pairs of 
corners of cubic crystal, four such axes are possible 
(Fig. 1.8). 


Fig. 1.8 Axis of three-fold symmetry 


Thus, in a cubic crystal, there are three axes of four-fold 
symmetry, four axes of three-fold symmetry, and six axes 
of two fold symmetry. Thus, in all, a cubic crystal has 3 + 4 
+ 6 = 13 axes of symmetry. 


. Inversion symmetry or centre of symmetry: It is sucha 


point in the crystal that any line drawn through it intersects 
the surface of the crystal at equal distances on either side. A 
crystal may have one or more planes or axes of symmetry 
but it never has more than one centre of symmetry which 
lies at the centre of the cube (Fig. 1.9). 

The total number of elements of symmetry in a cubic crystal 
are 23. 

Planes of symmetry = 3 + 6 = 9 

Axes of symmetry = 3 +4 + 6 =13 

Centre of symmetry = | 

. Total number of elements of symmetry = 9+ 13+ 1 

= 23 

Axis of six-fold symmetry: This axis of symmetry is possible 
in hexagonal crystals and not in cubic crystals. Imagine a line 
passing through the centres of two opposite hexagonal faces 
of a hexagonal crystal. On rotating the crystal (hexagonal) 
about this line as axis, the identical appearance of the hexagon 
occurs six times in the course of one complete rotation of 360°, 
i.e., the original appearance is repeated as a result of rotation 
through 60°. Such an axis is, therefore, known as axis of six- 
fold symmetry or a hexad axis. 


1.10 Physical Chemistry 

(b) Waves out of 
phase, interfere, *, 
and destroy each +.“ 
other 


No signal 


Fig. 1.10 (a) Constructive and (b) destructive interference of Kray, 


In a crystalline solid, the constituent particles (atom; 
ions, or molecules) are arranged in a regular order, An 
interaction of a particular crystalline solid with X-rays helps 
Fig. 1.9 Inversion symmetry/centre of symmetry in investigating its actual structure. 


Crystals are found to act as diffraction gratings for X-rays 


1.6 X-RAY STUDY OF CRYSTALS and this indicates that the constituent particles in the crystal 


a. X-ray diffraction: X-ray diffraction (XRD) is a versatile, are arranged in planes at close distances in repeating 
non-destructive technique that reveals detailed information patterns. 
about the chemical composition and crystallographic T 
structure of natural and synthetic materials. Diffraction 
It was suggested by Max von Laue, in 1913, that it might be pattern 


possible to diffract X-rays by means of crystals. The reason 
for the suggestion was that the wavelength of X-rays was of- 
about the same order (10% cm) as the inter-atomic distances 
in a crystal. In fact, Bragg succeeded in diffracting X-rays 
from sodium chloride crystals. This observation has proved 
to be highly useful in determining structures and dimensions 


plates Photographic plate 
of crystals as well as in the study of a number of properties 
of X-rays themselves. (a) 
b. Structure determination by X-ray: If we look through a Gas tear 
piece of thin stretched cloth against bright light, we find a 


pattern caused by the deflection of light as it passes through . TEEDE 
the regular space threads of the fabric. The deflection of 
light is called diffraction and the patterns produced are 
called diffraction patterns. From the diffraction pattern, 
it is possible to deduce the arrangement of strands in the 
fabric. The same idea is used to determine the arrangement 
of atoms/ions in a crystal. Max von Laue visualized that 
a crystal can act as a three-dimensional grating for the 
diffraction of X-rays. In 1912, he obtained a diffraction (b) 
pattern produced by passing X-rays through a crystal of 
copper sulphate. W.L. Bragg and his father W.H. Bragg 


Transmitted 
Non-absorbed 
radiatior 


Fig. 1.11 Study of X-ray diffraction 


determined the cubic structure of sodium chloride using A simple representation of the X-ray diffraction is show? 

X-rays. These days, the structure of extremely complex in Figs. 1.11(a) and 1.11(b). | 
substances such as proteins and nucleic acids is determined c. Bragg’s equation | 
using the technique. 


W.H. Bragg pointed out that the scattering of X-rays by 
crystals could be considered as reflection from successiv? 
planes of atoms in the crystals. 


When a beam of X-rays falls on a crystal plane composed of 
regularly arranged atoms or ions, the X-rays are diffracted. 
Waves from the diffracted X-rays may interfere and destroy 


each other (Fig. 1.10). However, it is also possible that The process was based upon the principle that a ery 
X-rays diffracted by the particles ( atoms/ions) can also may be considered to be made up of a number of paral 
reinforce each other producing constructive interference. equidistant atomic planes as represented by lines AB, CH 


E and EF in Fig. 1.12. 
(ea) Waves tacplinse Two original waves Resultant wave 
coincide, and f” 5 
reinforce each 
other 


Assume two waves Y and Z of X-ray beams which a 
in phase fall on the surface of the crystal. If ray Y gels 
reflected from the first layer, i.e., AB line and ray Zz‘ 
reflected from the second layer of atoms, i.e., CD line, then 
it is evident that as compared to ray Y, ray Z has to trav 


a longer distance, equal to QRS in order to emerge out of 
the crystal. If waves Y and Z are in-phase (for the intensity 
of the reflected beam to be maximum) after reflection, the 
difference in distance travelled by the two rays must be 
equal to the integral multiple of wavelength, i.e., nå (for 
constructive interference). 


Y 


-oei 
R 4 
d 
E y F 
Fig. 1.12 
Thus. distance QRS = nA (1) 
It is obvious from the figure that QR = RS = PR sin 0 
.. QRS = 2PR sin 0 ...(ii) 
If the distance between the successive atomic planes is d, 
then, PR = d. (TA) 
So, from Eqs. (i), (ti), and (iii),-we have 
nA = 2d sin 0 


This is Bragg’s equation. 

Thus, Bragg gave a mathematical equation to establish a 

relationship between the wavelength of the incident X-ray, 

the distance between the layers, and the angle of diffraction, 

where 

1. =wavelength of X-ray used. 

0= angle between incident X-rays and the plane of the 
crystal. The diffracted beam makes an angle 20. 

d= distance between planes of the constituent particles in 


a crystal. 


n = an integer (1, 2, 3,4, --.) which represents the serial order 


of diffracted beams. 
For a given set of lattice planes, d has a fixed value. 
Therefore, the possibility of getting maximum reflection 
(i.e., the possibility of getting reflected waves in phase with 
one another) depends upon 6. If @ is increased gradually, 
a number of reinforced strong signals or positions will be 
found at which the reflections will be maximum. At these 
positions, n will have values equal to 1, E tai Generally, 
in the experiments on X-ray reflections, n is set equal to 1. 
If A is known, it is possible to determine d, the distances 
between atomic planes in the crystal by determining 9, 
experimentally. Similarly, if interplanar distances are given, 
the corresponding wavelengths of the incident beam of 


X-ray can be calculated. 


A sample of a crystalline solid scatters a beam of X-rays of 
wavelength 70.93 pm at an angle 20 of 14.66°. If this is a 
second-order reflection (n = 2), calculate the distance between 
the parallel planes of atoms from which the scattered beam 


appears to have been reflected. 


We know that: nA = 2d sin 8 
20 = 14.66° or 0 = 7.33° 
2. = 70.93 pm = 70.93 x 10 '* m 
__m__ 2x 70.93% 10°? 
2sin8 2sin7.33° 
= 556.3 x 10 “m 
= 556.3 pm 


Calculate A of X-rays which give a diffraction angle 29= 16.8° 
for crystal, if the interplanar distance in the crystal is 0.2 nm 
and that only for the first-order diffraction is observed. Given 


sin 8.40° = 0.146. 


2dsin@ 2x 0.20 x 0.146 
n 

= 0.584 nm 

=5.84x10''m 


(since 9= 8.40°) 


1.7 LATTICE 


Before discussing the periodic patterns of atomic arrangements 
in crystals, let us examine the arrangements of points in space in 
periodically repeating patterns. This leads us to the concept of a 
space lattice. A space lattice provides the framework with reference 
to which a crystal structure can be described. 


Definition: It is the periodic arrangement of the points such that 
the environment at any point is the same as that at any other point. 
Every point in lattice should have same surroundings. 

As an example, consider a two-dimensional square array of 
points shown in Fig. 1.13. By repeated translation of the two 
vectors a and b on the plane of the paper, we can generate the 
square array. The magnitudes of a and b are equal and can be taken 
to be unity. The angle between them is 90°; a and b are called the 


fundamental translation vectors that generate the square array. To 


ignore end effects near the boundary, we will assume that the array 
can be extended infinitely. If we locate ourselves at any point in the 
array and look out in a particular direction that lies on the plane 
of paper, the scenery will be same, irrespective of where we are. 
Consider the immediate surroundings of a point in the array. If 
we look due north or due east from this point we see another point 
at a distance of 1 unit. Along northeast, we see the nearest point 


at a distance of J2 units and along north-northeast, the nearest 
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point is at a distance of J2 units. As this is true of every aya # g 
the array, it satisfies the definition given above and can be calle 7 ; 
a two-dimensional square lattice. le 
The main features of a lattice are as follows: fi 
a. A lattice should be infinite. Aah 0 
b. Each point in a lattice is called lattice point. paa 
c. Lattice points are joined by straight lines to represent (c) 
the geometry of lattice. a Hexagonal 
d. A lattice is different from a crystal. In fact a lattice gives a m à i 
rise to crystal when points are replaced by particles such 
as atoms, ion, or molecules. 
& @ e & & = 
) j % 
€ € @ ® @ 
D 
€ € @ e 3 p 
a= b a=b n 
Z + 90° ma 3 
j (d) Rhombic 
Parallelogram 
Fig. 1.14 Five types of 2-D lattice 
Note: Pentagonal lattice is not possible because the interior 
p angle of a regular pentagon is 108° which is not an integral 
ji factor of 360°. | 
A two-dimensional lattice is a regular arrangement of poi 
@ In order to specify it completely, only a small part of the latti 
is described. Choose four points in a two-dimensional lattice 
m connect them to give a parallelogram. This figure is known as4 


Fig. 1.13 Arrangement of points in space in periodically repeating pattern 


1.7.1 FIVE TYPES OF TWO-DIMENSIONAL LATTICES 
Space lattice is a regular repeating arrangement of points in space 
and forms the basis of the classification of all structures. For the 
sake of simplicity, let us understand the arrangement of points in 
two dimensions forming a two-dimensional lattice (Fig. 1.14). 

There are five types of 2D-lattice (Fig. 1.14) which differ 
in the symmetry of the arrangement of points. They are: 
(a) hexagonal, (b) square, (c) rectangular, (d) rhombic, and 
(e) parallelogram. 


É 4 % 
i y & 
$3 
a 
90° 
th ry 
D 
a+b 
£ = 90° 
(b) 
Rectangular 


unit cell. 
A full lattice is generated by repeatedly moving the unit cell 
in the direction of its edges by a distance equal to the cell edge 


(Fig. 1.15). 


6 Fs) EE) EN a Ca] 


Fig. 1.15 Generation of an entire two-dimensional lattice by regular 
repetition of the unit cell in the direction of cell edges by distance equal 
to cell edge 


For any lattice, a unit cell can be chosen in many different ways 
and may include any cell that has interior points. The smallest unit 
cell that shows the full symmetry of the lattice is most convenient. 

The unit cells normally taken for square, rectangular, and 
parallelogram lattices are square, rectangle, and parallelogram, 
respectively. But for a hexagonal lattice, a rhombus with an ang!e 
of 60° is taken as the unit cell. However, a rectangular unit cell 
with an interior point is normally taken for the rhombic lattices: 


7 


al 


| 


| 
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A unit cell with an interior point is called a centred unit cell, in 
` this case a centred rectangular unit cell. The unit cell that does not 
| ontain any interior point is known as primitive unit cell. Thus, 
| a a two-dimensional lattice, a unit cell is specified by the length 
| of its edges and the angle between them. 


Note: For some lattices, the unit cell can be choosen in more 
than one way, as shown in Fig. 1.14(c). For the same lattice 
points, the unit cell may be a parallelogram, an equilateral 
triangle, or a regular hexagon with a lattice point in the centre. 
In the first two unit cells, namely, parallelogram and 
equilateral triangle, all lattice points lie at the corners of the 
unit cell. Such unit cells are called “primitive unit cells.” The 
third one, i.e., hexagon, in which one lattice point also lies at 
the centre, is known as “non-primitive unit cell.” 


The two-dimensional pattern is very common in the designs on 
many wallpapers and tiled floors. A complete two- dimensional 
pattern can be made by placing a motif (arrow) at a definite position 
at the lattice points (Fig. 1.16). 


Fig. 1.16 Two-dimensional pattern 


1.8 CRYSTAL LATTICES AND UNIT 
CELLS (3D) 


The main characteristic of crystalline solids is a regular and 
repeating pattern of constituent practices. If the three-dimensional 
arrangement of constituent particles in the a crystal is represented 
diagrammatically, in which each particle is depicted as a point, 
the arrangement is called crystal lattice. Thus, a regular three- 
dimensional arrangement of points in space is called a crystal 
lattice. A portion of a crystal lattice is shown in Fig. 1.17. 


Fig. 1.17 A Portion of a three-dimensional cubic lattice and its unit cell 


be 


Just as there are five possible two-dimensional lattices, there are 
14 possible three-dimensional lattices. These are called Bravais 
lattices (after the French mathematician who first described them). 
The following are the characteristics of a crystal lattice: 

a. Each point in a lattice is called lattice point or lattice site. 


b. Each point in a crystal lattice represents one constituent 
particle which may be an atom, a molecule (group of atoms), 
or an ion. 

c. Lattice points are joined by straight lines to bring out the 
geometry of the lattice. 

d. Unit cell is the smallest portion of a crystal lattice which, 
when repeated in different directions generates the entire 
lattice. 

A unit cell is characterized by: 

a. Its dimensions along the three edges, a, b, and c. These edges 
may or may not be mutually perpendicular. 


b. angles between the edges: œ (between b and c), B 
(between a and c), and y (between a and b). Thus, a unit 
cell is characterized by six parameters, a, b, c, Œ, p. and 
y. These parameters of a typical unit cell are shown in 
Fig. 1.18. 


Fig. 1.18 Illustration of parameters of a unit cell 


1.8.1 PRIMITIVE AND CENTRED UNIT CELLS 


Unit cells can be broadly divided into two categories: primitive 
and centred unit cells. 


Primitive Unit Cells 


When constituent particles are present only on the corner positions 
of a unit cell, it is called as primitive unit cell. 


Centred Unit Cells 


When a unit cell contains one or more constituent particles present 
at positions other than corners in addition to those at corners, it 
is called a centred unit cell. Centred unit cells are of three types: 


a. Body-centred units cells: Such a unit cell contains 
one constituent particle (atoms, molecule, or ion) at 
its body centre besides the ones that are at its corners 
[Fig. 1.19(b)]. 

b. Face-centred unit cells: Such a unit cell contains one 


constituent particle present at the centre of each face, besides 
the ones that are at its corners [Fig. 1.19(c)]. 


c. End-centred unit cell: In such unit cells, one constituent 
particle is present at the centre of any two opposite faces 


or alternative faces, besides the ones present at its corners 
[Fig. 1.19(d)]. 
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In all, there are 
and 1.4) 


) 
| T=Top 
Bo = Bottom < 7 
F = Front 
Ba = Back 
R = Right 


A L= Left 
/ @. 


(d) End-centered 


+ 


e -centered 
(a) Simple or (b) Body-centered (c) Face-ce 
a) Si 
primitive | | i 
Fig. 1.19 Types of primitive/centred unit cells on the basis of the presence of their constituent particles 


1.8.2 SEVEN CRYSTAL SYSTEM 

The crystallographers have been able to di 
or Bravais lattices. Their characteristics a 
Figs. 1.20 and 1.21. 


vide 32 point groups and 14 space lattices into seven crystal systems and 14 spa 
long with the central unit cells they can form have been listed in Table 1.3 andj 


Table 1.3 Seven primitive unit cells and their possible variations as central unit cell 


Space or Total Minimum Axial 
Bravais lattices Bravais symmetry | distance 
lattices elements or edge 
length 
Primitive 4 three-fold a=b=c a= B=y=90° NaCl, KCI 
Body-centred 3 four-fold | ZnS, 
Face-centred diamond, Cu 
Ortho- Primitive Three | atb#c = i 
i a= þp= y= 90° 
rhombic Body-centred mutually | Dii Aami EE 
| Face-centred perpendicular | Basa K SO, 
| End-centred 2-fold (or) | = 
2-axis 
Tetragonal | Primitive 1 fi l hl E 
our-fold a=b#c a= B=y=90° | . 
= pe | Whi T 
Body-centred axis of symmetry ’ | (eos FA 
1 a 
| 29 4 
onoclinic ies 2 | two-fold atb#c a=7=90° NH. Br 
nd-centred axis of symmetry B+ r i Monoclinic 
| | sulphur, 
EET ow i | NaSO, 10H,O 
. riclinic | Primitive | [ | a | 
| | | ] 1 i : — —— a CaSO, 2 Hy O 
aan o | y fold axis a+b#c a+ B+y+90 C SO, A 
6. He | a me 9t Symmetry j SH, a 
xagonal | Primitive | 1 six-fold —— K,Cr O, „H. 3B0; | 
| | SIX-Told axis Qa=btc — Phan 
| | c sa 
7 Rh Tan | of symmetry a= B= 90° Graphite, ZnO, 
; omo- Primitive ] y= 120° CdS 
bolnih | three-fold meriang 
or axis of symmetry a= B sae V£ 90° Calcite (CaCO,), 
Trigonal HgS (cinnabar), 
Total = 14 E — NaNO,, ICI 
: 


Solid State 1.15 


1. Cubic 


y= 90° 


a= 1 bei 
`) 


a 
4. Monoclinic 5. Triclinic 6. Hexagonal 7. Rhombohedral 


(e) 


A- 


Fig. 1.20 Seven primitive unit cell in crystals 


1. Cubic: All sides of same length between faces are all 90° 


a 


a 
i. Primitive oi Body-centered ii. Face-centered 
(or simple) 
2. Orthorhombic: unequal sides, angles between faces all 90° 
f ve fi 4 Po í Ze -4 ate = 


— =e 


| 


I 
| 
| 
l 
l 
| 
| 
pee 
P pi e 7 J 


"d 


i. Primitive ii, End-centered iii. Body-centered iv. Face-centered 


3. Tetragonal: one side different in length to the other, two angles between faces all 90° 


p 


i. Primitive ii. Body-centered 


1.16 Physical Chemisty ~~ her 
4. Monoclinic: one side different in length to the other, only 
cen faces are 90° 


two angles betw 


than is 
oO 90° < 
ii. End-centered 


i. Primitive 


5., Triclinic: unequal sides a, b, c, and A, B, C are unequal 
angles as well as non-equal to 90° 
b * a O 


6. Hexagonal: one side different in length to the other two, the 
marked angle two faces are 120° 


7. Rhombohedral: All sides of equal length, only angles on 
two faces are 90° 
less than 90° 


Fig. 1.21 Unit cells of 14 types of Bravais lattices 


EFFECTIVE NUMBER OF ATOMS 


1.9 EFFECTIVE NUMBER OF ATOMS. 


(Zef) INA UNIT CELL 
A crystal lattice is made up of a very large number of unit cells 
and every lattice point is occupied by one constituent particle 
(atom, molecule, or ion). In a crystal, a particular atom located 
at a particular corner/face centre of a unit cell is shared by other 
cells and only a portion of such an atom actually lies within a 
given unit cell. The sum of all such portions of the shared atoms 
present under one unit cell gives effective number (Z “at 
in a given unit cell. Cap of atoms 
Consider three types of cubic uni taki j j 
Rm typ ic unit cells taking constituent particle 
a. Primitive cubic unit cell 

A primitive cubic unit cell has atoms only at its corner. Each 

atom ata comer is shared between eight adjacent unit cells 

as shown in Fig. 1.22, four unit cells in the same layer and 


a an 
for unit cells of the upper (or lower) layer. Therefore, On 
1/8th of an atom actually belongs to a particular unit cel], 
Fig. 1.23, a primitive cubic unit cell has been shown in th; 
different ways. Each small sphere in Fig. 1.23(a) represen 
only the centre of the particle occupying that position a 


not its actual size. 


unit cell, each corner atom is shared betwee, 

eight unit cells 
open structures. The arrangeme 
follow in open structures. Figur 
-filling representation of a unit cd 
d Fig. 1.23(c) shows the actu 
esent in a cubic unit cell. 


Fig. 1.22 In a simple cubic 


Such structures are called 
of particles is easier to 
1.23(b) depicts the space 
with actual particle size an 
portions of different atoms pr 


In all, since each cubic unit cell has 8 atoms on its corner 


the total number of atoms in one unit eight cell is 8 d 
| 


=]. 


(a) (b) (c) 
Fig. 1.23 A primitive cubic unit cell: (a) open structure, (b) space-fillin 
structure, and (c) actual portions of atoms belonging to one unit cell | 


b. Body-centred cubic unit cell ` 
A body-centred cubic (bcc) unit cell has an atom at eacht 
its corners and also one atom at its body centre. Figure 1d 
depicts (a) open structure, (b) space filling model, and ( 
the unit cell with portion of atoms actually belonging to it. 
can be seen that the atom at the body centre wholly belon 
to the unit cell in which it is present. 
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Fig. 1.24 A body-centred cubic unit cell: (a) open structure (b) space 
filling structure (c) actual portions of atoms belonging to one unit cell 


Thus, in a body-centred cubic (bec) unit cell: 


i. 8 corners X : per comer atoms = 8 x 2 = | atom 
ii. 1 body centre atom = 1 x 1 = 1 atom 
.. Total number of atoms per unit cell = 2 atoms 
c. Face-centred cubic unit cell 

A face-centred cubic (fcc) unit cell contains atoms at all the 
comers and at the centre of all the faces of the cube. It can be 
seen in Fig. 1.25(a) that each atom located at the face centre 
is shared between two adjacent unit cells and only half of 
each atom belongs to a unit cell. Figures 1.25(a)—1.25(d) 
depict open structure, space-filling model, and the unit cell 


with portions of atoms actually belonging to.it, respectively. 
Thus, in a face-centred cubic (fcc) unit cell: 


i $ comers atoms Xx ; atoms/unit cell = & x Li 

= ] atom 
: l . 1 
ii. 6 face-centred atoms x 5 atom/unit cell = 6 x — 


= 3 atoms 
Total number of atom per unit cell = 4 atoms 


(c) 


Fig, 
A ibe A face-centred cubic unit cell: (a) An atom at face centre of unit 
oe between two unit cells. (b) Open structure, (c) Space filling 
Ucture, (d) Actual portions of atoms belonging to one unit cells 


d. Some other formulae 


Fig 


iv. 


Note: 


Total number of atoms in a unit cell 


n n n 
= Me + 2L + b Ka e 
8 2 l 4 
where n, = Number of atoms at the corners of a unit 
cell 


n; = Number of atoms at the centres of six faces 
of a unit cell 
n, = Number of atoms completely inside the 
body of a unit cell 
n, = Number of atoms at the edge centres of a 
unit cell 
Number of effective atoms at the alternate faces of unit 


ees =| 
2 


Ina unit cell, there are only two alternate faces and each 
face-centred atom is shared between two unit cells and 
only half of each atom belongs to the unit cell. 


1 . 
.. 2 face-centred atoms x — atoms per unit cell 
= 1 atom/unit cell. 


Such type of arrangement of atoms is a unit cell is called 
end-centred system [refer Fig. 1.19(d)]. 


. Number of effective atoms at the alternate edge centres 


of unit cell = 4x2 =] 


In a unit cell, there are only four alternate edges and 
each edge-centred atom is shared between four unit cells 


and only 1/4th of each atom belongs to the unit cell (see 
Fig. 1.26). 


. 4 edge-centred atoms x Z atoms per unit cell 
= 1 atom/unit cell 


an 


. 1.26 Atoms at the alternative edge centres of a unit cell 


Number of body diagonals of a unit cell = 4/unit cell 
Number of face diagonals of a unit cell 

= 2 diagonals on each face 

=2 x 6 faces 

= 12/unit cell 


a, Atoms on a body diagonal are inside the cube and they 
are not shared by any adjacent atoms. 


b. Atoms on a face diagonal are shared by two unit cells 
and only 1/2 of each atom belongs to each unit cell. 
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„) per unit cell 


Table 1.4 Number of atoms (Z, 
: pn Effective atoms/unit cell 
— Ne 
Cubic unit cell ne ——— i , 
É — > 0 8 corners X = per corner atom share = | 
1. Simple cubic (sc) Total effective atoms = i /unit cell 
or primitive panene | 
meee 0 Corner share = g * $=! 
rA Body-centred 8 =i 
cubic (bec) Body-centred share = | 
Total effective atoms = | + 1 = 2/unit cell 
- mooo E 0 Corner share = 1g =i 
3. Face-centred 8 8 
| cubic (fcc) ] 
Face-centred share = 6 x 5 =3 
| Total effective atoms = 1 + 3 = 4/unit cell 
A compound formed by elements X and Y has a cubic structure 
in which X atoms are at the corner of the cube and Y atoms are 
at the face centres. 
a. Calculate: (i) Z. (i) total number of atoms in a cube, 
and (iii) formula of the compound. 
b. If all the atoms are removed from a single axis passing 
through the centre of the cube, calculate 
(i) Zœ (ii) total number of atoms in a cube, and (iii) 
formula of the compound. 
Sol | .. Face centre atom left = 6-2 =4 
a. i. Number of effective X atoms l 
i Zy) = 4 Face atom x > per face atom share 
= 8 corners X 3 per corner atom share 
= 2 atoms/unit cell 
= ] atom/unit cell 
Number of effective Y atoms ZX) = 8 corners x : per corner atom share 
] 
= 8 comers * a per face atom share = ] atom/unit cell 
= 3 atom/unit cell Zee cay = 2+ 1=3 atoms/unit cube. 
Leg aex+y) = 1+3=4 P 
g ii. Total atoms in a cube = $ (comers) + 4 (face cen 
ii. Total atoms in a cube : 
= BY at r = 12 atoms/unit cube 
= oms a + , is 
7 anes . Y atoms at faces. iii. Formula of the compound: 
= 8 + 6 = 14 atoms/unit cube 
Zemxy = b Zeteyy = 2 


iii. Formula of the compound: 
.. Formula = XY, 


=],Z 


eff(Y) 3 


Zest% 
Thus, formula of the compound = XY, 


b. i. Two atoms from two face centres are removed by 
passing an axis as shown in the figure below. 
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A 
| in whic 
| (Y) are at each body diagonal of the cube. 

a. Calculate: (i) Z.¢p (ii) total number of atoms in a cube, 

and (iii) formula of the compound. 

| b. If all atoms from one body diagonal of the cube except 
| corners are removed, calculate: (i) Zp (ii) total number 
of atoms in the cube, and (iii) formula of the compound. 


a. i. ZX) 


ompouñd formed by elements X and Y has a cubic structure 
h X atoms are at the corner of the cube and two atoms 


j! 
at corners = i =]=X 


Zor) ĉt body diagonal = 2 atoms x 4 body diagonal 


= 8 atoms/unit cell 
=8=Y 


n Zaxin=l+8=9 


Note: Body diagonal atoms are in the inner portion of the cubic 
unit cell and they are not shared with any adjacent atoms. 
ii. Total atoms in a cube = 8 (corners) + 8 (body 
diagonal) 
= 16 atoms/unit cube 


iii. Formula of the compound: 


Zetex) = b Zeny) = 8 
Formula = XY, 

b. i. One body diagonal has 2Y atoms and they are 
removed. 


« Leggy, at body diagonal left = 8 — 2 
= 6 atoms/unit ceil 


Z =1=X 


eff(X) 
+ Lex +) 
ii. Total atoms in a cube = 8 (corners) + 6 (body 

diagonal) 
= 14 atoms/unit cube 


at corners = 8 x 


o0 | — 


=6 + 1 = 7 atoms/unit cell 


iii. Formula of the compound: 


Z esx) =], ZY) =6 
Formula: XY ¢ 


A compound formed by elements X and Y has a cubic structure 
in which X atoms are at the corner of the cube and Y atoms are 
at the face centres. One atom X is missing from the corner. 


a. Calculate (i) Z,,. (ii) total number of atoms in the cube, 
and (iii) formula of the compound. 


b. If all the atoms are removed from one of the faces of 
the cube containing atoms at corners, as in (a) above, 
calculate (i) Z {p (ii) total number of atoms in a cube, and 
(iii) formula of the compound. 


a. i. Number of effective X atoms 


1 
= 7 corners * 3 per corner atom share 


atom/unit cell 


co| nN 


1 
Number of effective Y atoms = 6 faces x a per 
face atom share 


= 3 atoms/unit cell 

31 
8 

ii. Total atoms in a cube = 7 (corner) + 6 faces 

= 13 atoms unit cube 


— 


Zx+» gr 1 


iii. Formula of the compound: 


7 
Zetex) = 8° ZY) 


Thus, formula of the compound is X7 Y4. 
8 


=3 


Simplifying: X,Y 54. 
b. i. Atoms removed from one face of the cube, 
containing all atoms at corners = 4 corners + 1 
face-centred atom 
= 5 atoms/unit cell 
Corner atom left = 7 — 4 = 3 atoms at corner 
Face-centre atom left = 6 — 1 = 5 atoms at face 
centre. 


1 
Z tx) = 3 corner x 3 per corner atom share 


= atoms/unit cell 


1 
Zy) = 5 face-centred atom x — per face atom 


share 


atoms/unit cell 


|u 


ii. Total atoms in a cube = 3 (corner) + 5 (faces) 
= 8 atoms/unit cube 
iii. Formula of compound: 


Z 3 


_ 5 
eff (X)~ p Z ese cy) = = 


Formula: X, Y;/> 


8 
Simplifying = X,Y, 


A compound formed by elements X and Y has a cubic structure 


in which X atoms are at the corner of the cube and also at the 


face centres. Y atoms are present at the body centre and at the 
edge centre of the cube. 


a. Calculate (i) Zp (ii) total number of atoms in the cube, 
and (iii) formula of the compound. 


_15 27 
ZemX+Y) 4 4 
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b. Ifall the atoms are removed from one of the body diagonals 


P (ii) total number of atoms in 


of the cube, calculate (i) Z. 
und. 


and (iii) formula of the compo 
gonals of one of the face of 


Zep (ii) total number 
la of the compound. 


the cube, 
. Tf all the atoms from the dia 
the cube are removed, calculate (i) 
of atoms in the cube, and (iii) formu 
ms are removed from one of the plane 
middle of the cube, calculate 
ber of atoms in the cube, and 


. If all the ato 
passing through the 
(i) Zap GD total num 
(iii) formula of the compound. 

re removed from one of the axes passing 


. If all the atoms a 
e, calculate 


through one of the face centres of the cub 
(i) Zam (ii) total number of atoms in the cube, and 


(iii) formula of the compound. 


Z = 641 
= g 2 
om% nm _1, 12 
Zen = 2 +=-+— =1+3=4 
AMY g 4 1 4 
Zmx+y74t478 


ii. Total number of atoms in the cube 
= 8 (corner) + 6 (face centre) + 1 (body centre) 


+ 12 (edge centre) 


= 27 atoms/unit cube 
iii. Formula: Z foo = 4 Zey) = 4 
= K,Y,=4XY 


b. i. RAOR 


One of the 4 
body diagonals 


X> O = 8 corner atoms 


Y => @ = 1 body center atom 


Y => O = 12 edge center atoms 
X> = 6 face center atoms 


Atoms removed from one body diagonal 
= 2 atoms from corner + 1 atom from body centre 


= 3 atoms. 

z= Me, me _ (8-2) 6 _ 15 

eff(X) 8 2 g t3 “a 
_m™ nm _ (l-1) 12 

Zs) a i j LE 043-3 


Total number of atoms in the cube 
= 6 (corner) + 6 (face centre) + Zero (body | 
centre) + 12 (edge cent 
= 24 atoms/unit cube t 


n 15 i 
iii. Zafr(x) ~ 4’ Zy) 3 


e 


=> Xj5 Y3. 
4 
Simplifying X;5Y 12 


X > © = 4 corner atoms are removed 
X >0 = | face center atom is removed 


n. ne (8-4 (6-1) 1 5 
Z = 24 -f_\ yH — z= 
eff(X) g 2 8 2 72 ? 


nm ne 1 12 
=3+4=7 


Z 6{X+Y) 
ii. Total number of atoms in a cube 
= 4 (corner) + 5 (face centre) + 1 (body centre) 
+ 12 (edge centre 
= 22 atoms/unit cube 
iii. Formula: ZX) =3, Z ety) =4 
=> X,Y, 


Plane passing through the middle of cube 
(other atoms are not shown) 


` => O = | body center atom is removed 
=> Š 
© = 4 edge center atoms are removed 


X = 

á = 4 face center atoms are removed 
Zn% Nn 8 

i Zro = tiS Leirie 


-b ĦA 1 — = 

Zam Bt pe 7,09 D =2. 
4 

Zesx+y)=2+2=4 


ji, Total number of atoms in the cube e. If all the atoms are removed from one of the axes passing 


= poaren P A (iee ception) tet (body through the middle of the cube containing face centre 

centre) + 8 (edge centres) atoms, calculate (i) Zo (ii) total number of atoms in a 
cube, and (iii) formula of the compound. 

f. If all the atoms are removed from one of the axes passing 

Se tea through the middle of the cube not containing face centre 

Formula is X,Y, = ZXY. atoms, calculate (i) Zepp (ii) total number of atoms in the 
E cube, and (iii) formula of the compound. 


= 18 atoms/unit cube 


a. i 
Axis passing through 
the face center 
of cube (other atoms 
are not shown) 
Ya © = | body center atom is removed 
X> Q = 2 face center atoms are removed 
. OM% Me 8 (6-2) _ B ~ 
L Zax gt 7737 > =1+2=3. X => ©) =8 comer atoms 
1-1) 12 = : 
Zo ~ Mey te iD, =0+3=3. X > 2 alternate face center atoms 
Z =343=6 y => © = 4 alternate edge center atoms | 
cial ae i Y => @ = | body center atom 
ii. Total number atoms in a cube 
= 8 (commer) + 6 (face centre) Zax) = Te Alternate ne 8,2 es Ty. 
eff(X) p) 
zero (body centre) + 12 (edge centre) 8 2 8 2 
- - Alternat 1 4 m 
= 24 atoms/unit cube e A Title? 
iii. Formula: Zax = >> Zay? ; ed 
Formula is X,Y, or 3XY. eff(X +Y) 


ii. Total number of atoms in a cube 


(L:usTRATION 1.7 = 8 (corner) + 2 (alternate face centre) 


A compound formed by elements X and Y has a cubic structure in + 4 (alternate edge centre) + 1 (body cente) 
which X atoms are at the corner of the cube and also at alternate 
face centres. Y atoms are present at the body centre and also at 
the alternate edge centre of the cube. 

a. Calculate (i) Z,,, (ii) total number of atoms in the cube, b. i. 
and (iii) formula of the compound. 

b. Ifall the atoms are removed from one of the plane passing 
through the middle of the cube which contains atoms both 
on the edge centre as well as on the face centre, calculate 
(i) Z (ii) total number of atoms in the cube, and (iii) 
formula of the compound. 

c. Ifall the atoms are removed from one of the plane passing 
through the middle of the cube which contains atoms only 
on the edge centre but not on face centre, calculate (i) Z.4p 
(ii) total number of atoms in the cube, and (iii) formula of 
the compound. 

d. Ifall the atoms are removed from one of the plane passing 
through the middle of the cube which neither contains 
atoms on the edge centre nor on the face centre, 7 _ an, Alternatenp 8 Q-2) 
calculate (i) Z șp (ii) total number of atoms in the cube, eX) g 7 “g hi a a 
and (iii) formula of the compound. aA 


= 15 atoms/unit cube 


.. Formula = X,Y, =2XY 


Plane passing 

_ through the middle of 
the cube containing 
atoms both 
on edge center and 
face center 


X> =? X atoms trom face center are removed 


Y => © = 4 Y atoms from edge center are removed 
Y => @ = ! Y atom from body center is removed 
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l m, . Alternate me _ (1-1) op ( . 


= 4 
Zany) | i 4 l 


= (0) + 0 = zero 
Z „=1+0=]1 
Zomx +Y) 
ii. Total number of atoms ina cube | 
| - zero (face centre 
aro ( ventre) + zero (face ce 
= § (corner) + zero (body centi ) 
+ zero (edge centre) 
= § atoms/unit cube 


` ` = n = Zero 
iii. Formula: Zomx) I, ZY) 


.. Formula = X 


Plane passing through 
middle of the cube 
containing atoms only 
on the edge center 


Y => © =4Y atoms from edge center 


are removed 
Y > @ = 1 Y atom from body center is 
removed 
_ "e , nę (Alternate) _8 7 2 
eto) g t 2 8 2 
=]+1=2 
_ My Me (Alternate) (1-1) (4-4) 
Zeny) = Io a | A 
=0+0=0 


Lig 2+t0=3 


ii. Total number of atoms in a cube 
= 8 (corner) + 2 (alternate face centre) 
+ Zero (body centre) 


+ zero (alternate edge centre) 
= 10 atoms/unit cube 


il. Formula: ATA =2, Zefity = Zero 


Formula = X, 


Plane passing through 

the middle of the cube 
neither containing atoms on 
the edge center nor on the 
face center 


Y> @ =| Y atom from body 
center is removed 


Y>@ 


n. (Alternate) nr SR 2 


— C — 
Zo g * 2 2 
A EIET 
PE TE aa aia E DG 
Zer (Y) | 4 I 4 
=O+1=] 
= = 3, 
Lott (X +Y) 2+] 


ii. Total number of atoms in a cube 
= 8 (corner) + 2 (alternate face centre) 
+ 4 (alternate edge centre) + er 
(body centr 
= 14 atoms/unit cube | 
iii. Formula: Z efx) = 2, Losey) = ] 
.. Formula = X,Y 


Axis passing through the middle | 
of the cube containing face cente 
atoms | 


Y => @ = 1 Y atom from body center is removed 


X= =2 X atoms from face center are removed | 

-7 = % , Alternate ne _8 (2-2) | 

ay g 2 8 2 | 

=1+0=]1 | 

eae "e M mema (n) _ ae 1 - 
=0+1=1 


Zemx+yy=1+1=2 
ii. Total number of atoms in a cube | 
= 8 (corner) + 4 (edge centre) + zero (body centre 
+ zero (face centre) = 12 atoms/unit cube. 
iii. Formula: ZNN) =], Zv = l: 
.. Formula = XY. 


Axis passing through the middle 
of the cube not containing face 
center atoms -` 


= 1 Y atom from body center is removed bi 
te 


n, Alternatenr 8 2 
= prrs 
_ nm, Alternaten, (1-1) 4 
Zap tg 
=O t= 
Zemx+y)= 2+ 1=3 


ii. Total number of atoms in a cube 
= 8 (comer) + 2 (face centre) 


+ 4 (edge centre) + zero (body centre) 


= 14 atoms/unit cube 
iii. Formula: ZX) =2, ZY) =] 


.. Formula = X,Y 


Draw a two-dimensional hexagonal lattice. Try to visualize the 
possibility of pentagonal two-dimensional lattice. 


Three regular hexagons intersect at one point. So, in this two- 
dimensional lattice, this lattice point is shared by three unit cells. 


Soke 
w 


| So, the effective number of lattice points per unit cell 
1 
= 6x(4) +1x (1) =3. 


| A regular pentagon has an interior angle of 108°. As 360° is 
not an integral multiple or 108°, pentagons cannot be made 
| to meet at a point bearing a constant angle to one another. 
Hence, a pentagonal lattice is not possible. On the other 
hand, a square or a hexagonal two-dimensional lattice is 
Possible as their internal angles add up to give 360°. ` 


a ee ee 


_ 1.10 ATOMIC RADIUS AND SHORTEST 


| DISTANCES IN CUBIC SYSTEM 


e atomic radius is defined as half the distance (centre to centre) 
i tween the neighbouring atoms in a crystal. It is expressed in 
"Mms of edge a of the unit cell of a crystal. 


b 


S 
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a. Simple cubic (sc) 
Each corner atom is in contact with its corner atoms as | 
Fig. 1.27. 


2r=a>r= 


NIIS 


(b) 


Fig. 1.27 (a) Atomic radius of a simple cube and (b) actual 
portions of atoms in an sc unit cell 


b. Body-centred cubic (bec) 


Each corner of the unit cell touches the body centre atom 
(not corner atoms) such that 


V3 


2r= —a 
2 


p= 


4 

Alternatively 

From Fig. 1.28(a), it is clear that 
(AC)? = (ABF + (BC)? = a* + @ = 2a? 
(AD) = (AC) + (DC)? 

(4r) = 2a’ +a 


16 = 3a? 
B 
r= — a 
4 


(b) 
Fig. 1.28 (a) Atomic radius of a bcc and 
(b) actual portion of atoms in a bcc unit cell 


c. Face-centred cubic (fec) 


Each corner of a particular face centre atom touches the 
other face centre atom (not corner atom) such that 


2r = s => a 
Te ge 
af yn 
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i i i ich surround a particular at 
Alternatively The number of atoms 1n a crystal whi ihoon i called 
From Fig. 1.29(b). it is clear that as its nearest neighbour atoms 1n its neig it 
(AC)? = (AB) + (BO)? coordination number. 
p] 2 2 
(4r) =a +a aR. | 3 ¢ 
i ° inati ber of cation 
167° = 2a° a. For diatomic atoms, gacrdmation humi pae Sis | 
=< the number of surrounding anions or vice- ' 
C a 22 . . 
ae l b. In crystals with directional bonds, coordination number 
is lower than that of crystals with non-directional bonds 
such as metals and ionic compounds. 


The coordination number of monoatomic crystals is discusse] 


below. 
a. Simple cubic (sc) 
Coordination number = 6. 


Particular 
atom 


(a) 


b. Body-centred cubic (bec) 
Number of atoms surrounding (touching) the body centr 
atom = 8 
Hence, coordination number = 8 


Body-centered atom is surrounded 
by 8 corner atoms 


Fig. 1.29 (a) Unit cell of fcc, (b) view of one face of an fcc unit cell, and 
(c) actual portion of atoms belonging to the fcc unit cell 


Table 1.5 Atomic radius of the atoms in different cubic 


Systems 
v3 


1. Simple cubic 
16 =30 > r= 72 = 0.4334 


(b) 


c. Face-centred cubic (fcc) 


Body-centred 
cubic (bcc) 


Number of atoms surrounding (touching) the face cen 


Face-centred of any face = 12 


cubic (fcc) 


l6r* =2 > p= 9 _ 9 45 
= 0.3535 
2/2 É 


Hence, coordination number = 12 


a I ae 


Ba = Back 

Bo = Bottom 

F = Front 

T= Top 

Cw = Common wall 


@ Particular 
atom 


(c) 


Fig. 1.30 (a) CN in sc (b) CN ìn bcc (c) CN in fcc 


Table 1.6 Coordination number of different cubic systems 


Cubic unit cell Coordination 
number (CN) 


Body-centred cubic (bec) 


Face-centred cubic (fcc) 


1.12 PACKING FRACTION (PF) OR 
SPACE OCCUPIED BY ATOMS 
IN A CUBIC SYSTEM 


It is the ratio of the volume occupied by the total effective atoms 
in Zg in a cubic system to the volume of the unit cell. 


. V j i 
A ETO E TE olume occupied by enoui atoms 
Volume of the unit cell 


Zett X Volume of atom 
FH x 


ë 
a 


100 


Volume occupied by atoms 100 


Packing effici = 
ern Volume of unit cell 


Zs X Volume of atom 
z _ 
E 


100 


a. Simple cube (sc) 
Suppose the edge length of a unit cell = a and radius of the 
sphere = r 
Z.¢— 1 atom/unit cell 


Fig. 1.31 PF in sc 
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As spheres are touching cach other, evidently, r = = 


N 


Number of spheres per unit cell = ; x8 =] 


Volume of the sphere = $ mr? 


Volume of the cube = a? 


Ze x Volume of sph 
Packing fraction (PF) = “eff eee 


Packing efficiency = % space occupied = 52.4% 
% empty space = 100 — 52.4 
= 47.6% 


- Body-centred cubic (bec) 


As the sphere at the centre touches the corner spheres (but 
comer spheres are not touching each other). 


Let = 2 atoms/unit cell 


Fig. 1.32 PF in bec 


From section 1.10(b), r= S a 


4 3 
Zaft X 3 Tr 


PF = — > Ai) 
E 


Substitute the value of r in Eq. (i), 


TED] B 


PF = —~—-+—— = Xr =0.68 
a 


% space occupied = 68% 
% empty space = 100 — 68 = 32% 


», Face-centred cubic (fcc) 


As the spheres on the faces are touching each other (but 
corner atoms are not touching each other) 
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Fig. 1.33 PF in fcc 


a 
F section 1.10 c)r= ze 
rom s O ( a2 


Tr 
(i) 


Substitute the value ofr in Eq. (1), 


ECR) 

3° \2V2 

r=——>; SCS 
a 


V2 
= “x =0.7404 
6 
% occupied = 74.04% 
% empty space = 36% 


g fraction of different cubic systems 


Packing 
efficiency (%) 


Table 1.7 Packin 


Packing fraction 
(PF) 


S.No. Cubic unit cell 


Simple cubic (sc) 


Body-centred 
cubic (bcc) 


Face-centred 
cubic (fcc) F 


Note: 
An fec unit cell] occupies maximum sp 
as a close packed system. 


1.13 CALCULATION OF THE DENSITY 
OF A METAL BY USING UNIT 
CELL DIMENSIONS 

From the unit cell dimensions, the volume of a unit cell can be 

calculated. Similarly, from the density of a metal, the mass of 

the atoms in a unit cel] can be calculated. The determination 
of the mass of a single atom provides an accurate method of 
determination of Avogadro’s constant. 

Let a be the edge length of a unit cell of a cubic crystal 
determined by X-ray diffraction method, p be the density of the 
solid substance, and Mw be the molar mass. 

Thus, for a cubic crystal 


ace and hence it is referred 


Volume of unit cell = a’ : 
=(a pm) al 
= (až 10 10 em)? 
=q* 10 0 om? 
Note: ‘0 


ajg 2 meio em : 
Number of atoms in unit cell (Z) 
z Mass of each atom oj 


| pm 


Mass of unit cell = 


= Zap” ™ 
Mass of an atom present in the unit cell is given by: 
Mw (Me ~ Molar mass 
a= Ny N, = Avogadro’s constant) 
Therefore, the dens 
Mass of unit cell 
P™ Volume of unit cell 


ity of the unit cell is: 


Zer H Ae gom 
œ xN,” 10” 


= 3 30 
a x10 
- 3 
If Mw is in g mol ', then @ must be taken in cm - 
mol, then a’ m 


In terms of SI units, Mw is given in kg 
taken in m°. 


Z x Mw T 
Then, pei kg m” 


m 
N,x@ j 

The density of the substance is 
cell. The above equation involves five parameteTs- 
four, the fifth can be calculated. 


same as the density of the 
Knowing 


Table 1.8 Densities of cubic systems 


za [evs 6 671 


Simple cubic (sc) 


eS [| 
Body-centred cubic |, p= 


___ a 
(bec) 7 N, xa x10 


Face-centred cubic | , 4x Mw 
3. a 4 p = ———— nA 
(fec) N, xa x10 
Alternatively (for monoatomic crystal) 

and volume 


Density is defined as the ratio of mass of unit cell 
unit cell. 
Mass of atoms present in unit cell 
Volume of unit cell 
(Zoey) * (Mw in amu) | l —1.67x10 


6.023 x 107 xa 6.023 x 10” 


_ Lory * Mw in amu) x 1.67 x 10 g 


a 


a 
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——— 


(Number of formula units) 


| al i 
| eneral, 27 k 
Ing £ (Number of atoms of each kind) x (Mw of the compound) x 1.67 x10 58 
R or p= 
x (Mw of each kind in amu) x 1.67 x 10 "kp P a 
a as 
sharacteristics of different cubic systems 
1.9 Summary of various characteristics of ubic S| 5 
p anye oora ne Packing efficiency | Density (p) (gcm°) | Nearest 
< | cubicunit | Number of effective | Coordination | Atomic | Packing neighbour 
di cell atoms per unit cell number , | radius distance (d) 
my) ie oo NO gS DEE eet 
i o o a Tt Zos x Mw 
| wee PE= —x100 | aaa TE) 
4, Simple cube l 6 i 9 6 N, xa x10 
(sc) = 52.36% fede 
= 4 — —_ 
2, Body-centred 2 8 
cubic (bec) 
a | e aes a 
V2 ram TM 2. 
3. Face-centred 4 12 PE= ee mx100 |P N, xa x 107° at | 
cubic (fcc 
be = 74.04% 


: ee j i total number of atoms 

rit Consider the parallelograms shown in the figure (i) representing a. ee eae the (b) in Fig. (ii), 
7 Saa only part of each circle at each comer is contained within 

e. er the parallelogram unit cell. 

—— = > a a p 
= Note: Remember it is a 2D unit cell. 

as a £- PENES 
| ” ö Each circle is touching 4 other circles, so share of each 

L ee ee EE 
J -- ----@---- 4 4 
(c) (d) b. Primitive unit cells are (b) and (c), because the only 


Fig. (i) points contained in the unit cell are at the comers of 
| a. What is the content of the unit cell as shown in figure (1)? the parallelograms. 


b. In Fig. (i) which of these are primitive and which are Unit cell (a) and (d) are multiple unit cells because there 
multiple unit cells? Are any of these orthogonal? are points in the unit cells in addition to the comers of 


| c. How many nearest neighbour circles does a given circle the parallelogram. 
have in the figure (ii)? Uni 
g t ll € i € ue G 
d. What is the relation between the radius of circle and the ean she die ae = cell becansedt gontains 
f length of parallelogram for the unit cell shown in the figure one ae l 
below (space filling diagram)? c. The crystal coordination number (CN) is the number 


of nearest neighbours around a given atom, ion, or 


(, | 7) molecule in the crystal, 


From the first figure (i), each atom (except the “surface” 
atom) is touching 6 other atoms, so CN = 6. 


d. a=2R, where a is the length of the side of parallelogram 


Fig. (ii) and R is the radius of circle. 
| e. What is the packing fraction of the unit cell in the . i i 
or i e. Packing fraction = 2702 occupied by circles 
| ee . l Area of unit cell 
| f. What is the radius of the triangular hole shown in the 


figure (ii)? Since Z = 1, area of circle = zR? 
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Area of parallelogram = 2/3R° 


f. (Refer section 1.15.2). 
Let R is the radius of large 


r circle and 7 is the radius of 


the triangular hole: 


Fig. (iii) 


px 


Fig. (iv) 
Base AC R 


In AABC, cos 30° = —————_ = — = l 
Hypotenuse AB R+tr 


=> (R + r) cos 30° = R. 


Why uncharged atoms or molecules never crystallize in simple 
cubic structures? 


. . . 
| . 


Why an end-centred unit cell cannot be cubic? What is the’ 
minimum possible symmetry for this type of unit cell? 


Sol. i i } j 
f I p] ; D met 
IC.. 


SC- 


packed structure for a given 
element wo 
the same density? uld be expected to have 


So. The two structure 
s have the sa inaf 
Reriee Wie cao nane E me coordination number, 


1.14 CLOSE-PACKED STRUCTURES 


d the packing of the constituent particles A 
d that the constituent particles are identicy 
hard spheres. The constituent particles in solids are close packe 
in such a way that they occupy maximum available space leavin 
minimum vacant space, and hence the crystal has maximun 
density. The building of these identical hard spheres in a threg 
dimensional structure occurs in three steps: 
a. Close packing in one dimension 

There is only one way of arranging spheres in a one. 

dimensional close-packed structure, that is, to arrange they 

in a row touching each other (Fig. 1.34). 


In order to understan 
a crystal, it is assume 


dimension 


ith two ofi 


Fig. 1.34 Close packing of spheres in one 


In this arrangement, each sphere is in contact w 
neighbours. The number of nearest neighbours of a partic] 
is called its coordination number. Thus, in one- dimensio 
close-packed arrangement, the coordinate number is 2. 


b. Close packing in two dimensions 

A two-dimensional close-packed structure can be constru 

by stacking (placing) the rows of close-packed spheres. Thi 

can be done in two different ways. 

i. The second row may be placed in contact with the 
one such that the spheres of the second row are exa 
above those of the first row. The spheres of the 
rows are aligned horizontally as well as vertically. 
we call the first row as “A” type row, the second ro 
being exactly the same as the first one, is also of “A 
type. Similarly, we may place more rows to obtain 
type of arrangement as shown in Fig. 1.35 (a). 


ói ng. 1.35 (a) Square close packing and 
exagonal close packing in two dimensions 


arrangement. 
ii. The secon 
in a a may be placed above the first ™ 
depressions of the fren eat its spheres fit in ! 
the first two. If the arrangement ° 


spheres in the first row is called “A” type, the one in 

the second row is different and may be called “B” type. 
When the third row is placed adjacent to the second ina 
staggered manner, its spheres are aligned with those of 
the first layer. Hence, this layer is also of “A” type. The 
spheres of similarly placed fourth row will be aligned 
with those of the second row (“B” type). Hence, this 
arrangement is of ABAB type. In this arrangement, 
there is less free space and this packing is more efficient 
than the square close packing. Each sphere is in contact 
with six of its neighbours and the two-dimensional 
coordination number is 6. The centres of these six 
spheres are at the corners of a regular hexagon [Fig. 
1.35(b)]. Hence this packing is called two-dimensional 
hexagonal close packing. It can be seen in Fig. 1.35(b) 
that in this layer there are some voids (empty spaces). 
These are triangular in shape. The triangular voids are of 
two different types. In one row, the apex of the triangles 
are pointing upwards and in the next layer downwards 
[Fig. 1.35(b)]. 


c. Close packing in three dimensions 


All real structures are three-dimensional structures. They can 
be obtained by placing two-dimensional layers one above 
the other. Types of three-dimensional close packing are as 
below. 


Three-dimensional close packing from two- 
dimensional square close-packed layers: The second 
layer is placed over the first layer such that the spheres 
of the upper layer are exactly above those of the first 
layer. In this arrangement, spheres of both the layers are 
perfectly aligned horizontally as well as vertically as 
shown in (Fig. 1.36). Similarly, place more layers one 
above the other. If the arrangement of spheres in the first 
layer is called “A” type, all the layers have the same 
arrangement. Thus, this lattice has AAA... type pattern. 
The lattice thus formed is the simple cubic lattice, and 
its unit cell is the primitive cubic unit cell (Fig. 1.23). 
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Fig. 1.36 Simple cubic lattice formed by AAA... arrangement 


ii. 


Three-dimensional close packing from two-dim ensional 
hexagonal close layers: A three-dimensional close- 
packed structure can be formed by packing layers one 
over the other. 

1. Placing the second layer over the first layer: Take 
a two-dimensional hexagonal close-packed layer 
“A” and place a similar layer above it such that 
the spheres of the second layer are placed in the 
depressions of the first layer since the spheres of 
the two layers are aligned differently. It can be 
observed from Fig. 1.37 that not all the triangular 
voids of the first layer are covered by the spheres 
of the second layer. This gives rise to different 
arrangements. Wherever a sphere of the second layer 
is above the void of the first layer (or vice versa) 
a tetrahedral void is formed. These voids are called 
tetrahedral voids because a tetrahedron is formed 
when the centres of these four spheres are joined. 
They have been marked as “T” in Fig. 1.37. One 
such void has been shown separately in Fig. 1.38. 


a aad vaide qanerated in them. T= Tetrahedral void: 0 = Octahedral void 
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-_-~ 
E 4 


r, 
l 


(a) 


Fig. 1.38 Tetrahedral and octahedra 


2. 


N Jeti redral 
p ctahec Octahedral 


Tetrahedral 


N 
\ Tetrahedral h hole 
hole 
Ea E y 
Xi \ 
f } 
\ l J Tetrahedron 


—_ a, 


\ hole 


hole 
A 


Octahedron 


(b) (c) 
l voids: (a) top view, (b) exploded side 


view, and (c) geometrical shape of the void 


At other places, the triangular voids in the second 
layer are above the triangular voids in the first layer, 
and the triangular shapes of these do not overlap. 
One of them has the apex of the triangle pointing 
upwards and the other downwards. These voids have 
been marked as “O” in Fig. 1.37. Such voids are 
surrounded by six spheres and are called octahedral 
voids. One such void has been shown separately in 
Fig. 1.38. The number of these two types of voids 
depend upon the number of close- packed spheres. 
Let the number of close-packed spheres be N, then: 
The number of octahedral voids formed = N 
The number of tetrahedral voids formed = 2N 
Placing the third layer over the second layer: 
When third layer is placed over the second, there are 
two possibilities. 
¢ Covering tetrahedral voids: Tetrahedral voids of 
the second layer may be covered by the spheres 
of the third layer. In this case, the spheres of the 
third layer are exactly aligned with those of the 
first layer. Thus, the pattern of spheres is repeated 
in alternate layers. This pattern is often written as 
ABAB... pattern. This structure is called hexagonal 
close-packed (hcp) structure (Figs. 1.39 and 1.40). 
This type of arrangement of atoms is found in 
many metals such as magnesium and zinc. 


Fig. 1.39 Th 


e third layer of spheres lies 
layer to give an AB AB AB... Structure (hcp packing) 


above the Spheres of the first 


the first layer to give an ABC ABC 


AU 


Z N| 


one 


K 


ù 


p” 
A 
a 
a 


— 
o 
0 © 


€ 


' VATA 
Y 


AÀ AN 


Po 


Hexagonal 
packing 


Hexagonal 


hep (c) Fcc or cep 


Fig. 1.40 (a) Hexagonal and cubic close packing exploded view showing 
stacking of layers of spheres, (b) four layers stacked in each case, and 
(c) geometry of packing 


Layers 


Fig. 1.41 Th i 
e spheres of the third layer can lie above the depressions in 


- arrangement of layers (ccp packing) 
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(a) 


Fig. 1.42 (a) An ABC ABC... arrangement of layers when octahedral void is 

covered; (b) a fragment of structure formed by this arrangement resulting 
in a cubic close-packed (ccp) or face- centred cubic (fcc) structure 

e Covering octahedral voids: The third layer may 

be placed above the second layer in a manner such 

that its spheres cover the octahedral voids. When 

placed in this manner, the spheres of the third 

layer are not aligned with those of either the first 

or the second layer. This arrangement is called 

“C” type. Only when the fourth layer is placed, its 

spheres are aligned with those of the first layer as 

shown in Figs. 1.40 to 1.42. This pattern of layers 

is often written as ABC ABC ... This structure 

is called cubic close-packed structure (ccp) or 

face-centred cubic (fcc) structure. Metals such as 

copper, silver, and gold crystallize in the structure. 


1.14.1 COORDINATE NUMBER (CN) OF HCP AND 
CCP STRUCTURES 

a. CN of an hep structure: In an hep structure, each sphere 
has three nearest neighbours in the plane below (B), six in 
its own plane (A), and three in the one above (B), having 12 
spheres in all at equal distances. Alternatively, this means 
that the number of nearest neighbours called coordination 
number of each atom in this arrangement of solid is 12 
(Fig. 1.43(a)]. It is impossible to pack identical spheres 
together with a coordination number greater than 12. The 
close-packed structure adopted by a metal is associated with 
lowest energy. 

In crystals with directional bonds, the coordination 
number is lower compared to crystals with non-directional 
bonds (as in the case of metals and ionic compounds). 

b. CN of a cep structure: In a ccp structure, each sphere has 
three nearest neighbours in the plane below (C), six in its 
own plane (A), and three in the plane above (B), having 12 
spheres in all at equal distances. So CN of cep structure is 
also 12 [Fig. 1.43(b)]. 

So hep, ccp, or fcc are close-packed structures occupying 
maximum space (74%) while 26% space remaining vacant. 
In contrast to this, packing in bec structure is not that 
efficient and only 68% is occupied by the atoms. 

The voids or holds in crystals are also called interstices. 

Their size acquire importance in relation to the formation 
of transition metal hydrides, borides, carbides, and nitrides 


in whieh the respective non-metals (H, B, C, and N) 


are accommodated in the interstices. That is why these 
compounds are called interstitial compounds. 


Fig. 1.43 A simplified view of (a) hexagonal closed packing (AB AB ... 
pattern) and (b) cubic close packing (ABC ABC ... pattern) 


Table 1.10 Crystal lattices and coordination numbers of 
the various types of metallic crystals 


Metallic elements Lattice type | Coordination no. | 
Be, Mg, Cd, Zn, Ti | Hexagonal close | 12 

packing (hcp) | i 
Cu, Ca, Sr, Ag, Au | Cubic close packing | 12 

(ccp) | 


Li, Na, K, Rb, Cs | Body-centred cubic | 8 
arrangement (bec) | 


1.14.2 RELATIONSHIP BETWEEN FORMULA OF A 
COMPOUND AND NUMBER OF VOIDS FILLED 

When particles are close packed resulting in either hep or ccp 
structure, two types of voids are formed: tetrahedral voids and 
octahedral voids 

Number of close-packed particles 

= Number of octahedral voids (OVs) 

= 2 x Number of tetrahedral void (TVs) 

Number of effective atoms (Zp) in ccp and fee 
= 4/unit cell 


Packing efficiency in hcp and cep structures = T 


I ala 


0.74 = 74% 


Note: The calculation of packing efficient in ccp is similar to 
the packing efficiency in fce [refer section 1.12(c)]. 


In ionic solids, the bigger ions (usually anions) form the close- 
packed structures and the smaller ions (usually cations) occupy, 
the voids. If the cations are small enough then tetrahedral voids 
are occupied, if bigger, then octahedral voids are occupied. Not 
all octahedral voids or tetrahedral voids are occupied. In a given 
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compound, the fraction of octahe 
are occupied depends upon the chen 


dral voids or tetrahedral voids a 
tical formula of the compound. 


ACKING SEQUENCE | 
1.14.3 ST. acking can exist. 


se in which closest p ; ve 
It is a sequence 1n annot repeat just after a 


In stacking sequence, the same layer c 


i i icted. 
layer, i.e., A after A 1s restricted. . iad 
1f carefully observed, a stacking sequence has fce, hep, 


combination of fcc and hep such that all are closely packed with 


the packing efficiency of 74%. 


Select the close-packing arrangements in the following: 
a... ABABABA ... b. ... ABCABCABCA ... 


c... ABABCABABC... d. ... ACCBCABCABC ... 


“Sol. (a, b, c) 


hcp, cep, and their combination (hcp + ccp) are close-packed 
arrangements with packing efficiency of 74%. 


1.14.4 LOCATION OF TETRAHEDRAL AND 
OCTAHEDRAL VOIDS 
In a close-packed structure (ccp or fcc), there are both tetrahedral 
and octahedral voids. If there are N atoms or ions in the close 
packing, then 
Number of OVs = N 
Number of TVs = 2N 


Location of Tetrahedral Voids 
Consider a unit cell of ccp or fcc lattice [Fig. 1.44(a)]. The unit 
cell is divided into eight small cubes. Each small cube has atoms 
at alternate corners, i.e., four atoms in all. After joining them, 
a regular tetrahedron is formed. Thus, there is one tetrahedral 
void in each small cube and eight tetrahedral voids in total 
[Fig. 1.44(c)]. Each of the eight small cubes have one void in one 
unit cell of ccp lattice. 

Number to TV = 8/unit cell 

Zø 1n cep or fec unit cell = 4 
ee number of TV = 2 x Z. in cep or fcc unit cell. 
Moreover, in the fcc unit cell, two tetrahedral voids are formed 
on each of the four nonparallel body diagonals of the cube at a 


distance of /3a/4 from every comer along the body diagonal. 


| Alternatively, the centres of tetrahedral voids lie 1/4th 
distance of each body diagonal from one corner or 3/4th distance 
of each body diagonal from the other corner. [Figs. ] 44(c-e)] 


ie F diagonal (AB) [Fig. 1.44(e)] = 3a 
istance between two t t i IB a 
AB = AA' + BB’ + p aredral voids (4'B') is given as: 


3 B 
Ba ~ gt at aR 


l l 
=> A'B'= — ad | 
2° 3a 7 Body diagonal 


ie enter as anes 


(a) | 
Eight tetrahedral voids per unit 
cell of ccp structure 


(b 
One tetrahedra] Void 
showing the geometr 


An fcc unit cell has been 
divided into small cubes 
such that the center of each 
sub-cube is the location 
of tetrahedral void 


Position of 
one of TV 


One of the 
body diagonal 
of cubic unit cell 


One of the body diagonal 


of cubic unit cell 
* 


F Position of 2 TVs 


Ba on one of 
j the body diagonal 
of the cubic 
unit cell 
PA 
\ 2 
` A 
\ 
\ Lo 
\ 
Ba Bo 
g 
(e) 


Fig. 1.44 


Nearest distance between 2 TV’s = 


v3 


a ee 


T. A) re M~ p į 


A a UU A 


Location of Octahedral Voids 
Consider again a unit cell of cep or fcc lattice [Fig. 1.45(a)]. The 
pody centre of the cube C is not occupied but it is surrounded by 
six atoms on face centres [marked in Fig. 1.45(a) as | to 6]. On 
joining these face centres, an octahedron void is formed. 
"Thus, number of OV at the body centre of the cube = | 
Besides the body centre, there is one octahedral void at the 
centre of each of the 12 edges [Fig. 1.45(b)]. It is surrounded by 
six atoms, three belonging to the same unit cell (two on the corners 
and one on face centre), and three belonging to two adjacent unit 


cells. 


me, 
f | , C 
P aj (Body 
i į ! center) 
LZ 4l 

im I 

l 

1 

l 

I 

at 

Q R E E E 


Fig. 1.45 Location of octahedral voids per unit cell of ccp or fcc lattice 
(a) at the body centre of the cube, (b) at the centre of each edge (only 
One such voids is shown), (c) octahedral void at the body centre (share by 
none), (d) octahedral void at the edge centre (shared by four unit cells), 
and (e) 12 octahedral voids at the edge centres 


Solid State 1.33 


Nearest distance between 2 OV’s [Fig. 1.45(d)] 
2 2 2 
2 2 2_{4 a a E. 
= (AB) + (BCY =| —| +|- | =— -. AC= 
ach can «ac? (5) (3) =5 J 


Since cach edge of the cube is shared between four adjacent 
unit cells, so only 1/4th of each void belongs to a particular unit 
cell [Figs. 1.45(c—c)]. 

. OV at the body centre of the cube = | 


OV at the 12 edges of the cube and shared between four unit 
cells = 12 x 1 = 
4 


“. Total number of OVs = 1 +3 =4 
Z „gin cep or fcc structure = 4 


~. Number of OVs = Z, in ccp or fcc unit cell 


A compound is formed by two elements X and Y. Atoms of the 
element Y (as anions) make ccp and those of element X (as 
cations) occupy all the octahedral voids. What is the formula of 
the compound? 


Sol. The ccp lattice is formed by the element Y. 
First method 
. Zag Of Y (as anions) = 4 
Number of TVs = 8/unit cell 
Number of OVs = 4/unit cell 
Since all the OVs are occupied by X. 
<. Number of X (as cations) = 4. 
.. Formula = X,Y, = 4XY 
Second method 
Let Z, Of Y (as anions) = 1 
Number of TVs = 2/atom or anion 
Number of OVs = 1/atom or anion. 
Since all the OVs are occupied by X. 
.. Number of X (as cations) = 1 
.. Formula = XY 


Atoms of element B form hcp lattice and those of element A 
occupy two-thirds of tetrahedral voids. What is the formula of 
the compound formed by elements A and B? 


Sol. | The hcp lattice is formed by element B. 
First method 


“. Zo Of B (hep lattice) = 6 
Number of TV = 12/unit cell 


Number of OV = 6/unit cell 
Since element A occupies two-thirds of TVs 


<. Number of A = ; x12=8 
<. Formula = A,B, = A,B, 


Second method 
Let Zoff ofB=1 
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Number of TV = 2/atom 
Number of OV = 1/atom 


wip 


= hWeoxte2 
<. Number of A = A x A 


z. Formula = Ay/;B, 
Simplifying: A,B, 


An element has a bce structure with a cell edge of 288 pm. The 
density of the element is 7.2 g cm, How many atoms are present 
in 208 g of the element? 
; -12 3 
(SAW Volume of unit cell = (288 pm)? = (288 x 10 m) 
= (288 x 10`! cm) 
= 2.39 x 10” cm? 
For bec, Zg 7 2 
Zep X Aw 


3 
N, xa 


2x Aw 
6 x10” x 2.39 x 10°73 cm? 
~. Aw/2 = 7.2 x 6 x 10” x 2.39 x 10” g 
~. Aw=7.2 x3 x 2.39g 


~- 7.2 x 3 x 2.39 g of element contains = N, atoms 


7.2g cm” = 


=6 x 10” atoms. 
6 x 10” x 208 
7.2 x 3 x 2.39 
= 24.16 x 10” atoms 


.. 208 g of the element contains = 


Alternatively 
Mass 208 g 
Volume of 208 g of the element = ———— = aA 
Density 7.2 g cm 
= 28.88 cm? 


Number of unit cells in this volume 
a 28.88 cm? 
2.39 x 10% cm?/unit cell 


= 12.08 x 10” unit cells 


Since each bcc cubic unit cell contains 2 atoms, therefore 
the total number of atoms in 208 g 

= 2 (atoms/unit cell) x 12.08 x 1073 unit cells 

= 24.16 x 10” atoms 


X-ray diffraction studies show that copper crystallizes in an 
fec unit cell with cell edge of 3.608 x 10® cm. In a separate 
experiment, copper is determined to have a density of 8.92 

3 . S 
cm’. Calculate the atomic mass of copper. 


) In case of fec lattice, number of atom 


i S per unit cell, 
Z= 4 atoms 


<. Áw= PNA? 
Z ete 


8.92 g cm? x 6.022 x 10” atoms mol"! k 
x (3.608 x 10 cm)? 
4 atoms 


= 63.1 g mol | 
Atomic mass of copper = 63.1 p 


ILLUS i R ATION 11.18. 
Silver forms ccp lattice and X-ray studies of its crystals shoy 
that the edge length of its unit cell is 408.6 pm. Calculate th 


density of silver (atomic mass = 107.9 u). 


wS Since, the lattice is ccp, the number of silver atoms 
unit cell =Z=4 p 
Atomic mass of silver = 107.9 g mol 
= 107.9 x 10° kg mol! 
Edge length of unit cell = a = 408.6 pm = 408.6 x 10” 
Zepp X Aw 


Density, (p) = a x N, 


4 x (107.9 x 10” kg mol`’) 
~ (408.6 x 107!? m)? (6.022 x 10” mol”) 


= 10.5 x 10° kg m” =10.5 gem” 


eh 


aed 


Metallic gold crystallizes in the fcc lattice. The length of 
cubic unit cell is a= 4.242 A. 


a. What is the closest distance between gold atoms? 


b. How many “nearest neighbours” does each gold at 
have at the distance calculated in (a)? 


c. What is the density of gold? (Aw of Au = 197.0 g mo 
d. Prove that the packing factor for gold is 0.74. 
` In fcc, Zep 7 4- 


EREN 7. 


a 


2/2 


a. Closest distance between two Au atoms = 2r 


For fcc, atomic radius (r) = 


As the coordination number of fcc = 12. 


So there are 12 nearest nei 


ghbours in all, the nu” 
expected for a close 


-packed structure. 


Solid State 1.35 


Zett X AW 

Na X a? 
o Ag 
6 x 10” x (3.0 x 10% cm)? 


c. Density = P = 


= 48.64 g cm” 


d. Packing factor for fcc lattice = 8 n = 0.7404 


[For proof refer to section 1.12(c)] 


ifthe radius of an atom of an element is 75 pm and the lattice type 
is body-centred cubic, what is the edge length of the unit cell? 


‘Sol. For BCC, r= 4, 


4r 4x75 


=173.2 pm 


w a A 1.732 


The radius of an atom of an element is 500 pm. If it crystallizes 
as a face-centred cubic lattice, what is the length of the side of 
the unit cell? 


a 
‘Sol. For fcc, r= —~= 
2/2 


ora= 2V2 r=2 x 1.414 x 500 pm = 1414 pm 


Sodium has bec structure with nearest neighbour distance of 
365.9 pm. Calculate its density. (Atomic mass of sodium = 23) 


‘Sol For the bec structure, nearest neighbour distance (d) is 
related to the edge (a) as 


=—a 
2 
or 7 d 2 x 365.9 = 422.5 pm 
a=—=d= 9 = 422. 
B 1.732 P 


For bce structure, Zo = 2 
For sodium, Aw = 23 
Lege * Aw 
T= ET) 

a xN, x10 


2 x 23 -3 aj 51 ; = 
= nn ine 73 30 g cm =]. D1 gecm 
(422.5} x (6.02 x 10°) x 10 


A face-centred cubic element (atomic mass 60) has a cell edge 
of 400 pm. What is its density? 

‘Sol, For the face-centred cubic, Zep = 4 

Zep X AW 


p= ——4—{ gem 
a’ x N, x10% j 


3 


4x60 


ee. Re 6.23 -3 
(400% x (6.02 x 10°) x 10° g cm 


Xenon crystallizes in the face-centred cubic lattice and the edge 
ofthe unit cell is 620 pm. What is the nearest neighbour distance 
and what is the radius of xenon atom? 


USUD Here a = 620 pm, d=?, r=? 


For the face-centred cubic lattice, 


A _ 920 PM _ 438.5 pm 


J2 1.414 


r = d/2 = 438.5/2 = 219.25 pm 


d= 


es 


1.15 STRUCTURE OF IONIC CRYSTALS 


In ionic crystals, there are two types of ions, cations and anions. 
Both have different sizes and charges. Due to the attraction between 
opposite charges, there is a tendency of one type of charge to 
surround ions of the opposite charge. Due to difference in ionic 
sizes, the structure of a given solid is determined by geometrical 
considerations during the packing of ions of different sizes. 


The cation is assumed to be the smaller ion. The number of 
anions surrounding a central cation is called the coordination 
number or ligancy. The ligancy is a function of the sizes of the 
ions. The ionic radius ratios of cation (r,) and anion (r,) is very 
important in the determination of the crystal structures of an ionic 
substance. 


If anions are arranged around a cation and vice versa and keeping 
the size of the cation same, as the size of the anion decreases, the 
ligancy (or coordination number) increases (Fig. 1.46). 


P ee &: 


Fig. 1.46 Illustration of the importance of ionic ratio in packing (as the 
ratio r./r, increases more number of anions can be arranged around cations) 


1.15.1 RADIUS RATIO RULES 
Following conditions must be satisfied simultaneously during the 
stacking of ions of different sizes in an ionic crystal: 
a. An anion anda cation are assumed to be hard spheres always 
touching each other. 


b. Anions generally will not touch but may be close enough 
to be in contact with one another in a limiting situation. 


c. A cation should surround itself with as many anions as 
possible. Each ion tends to surround itself with as many ions 
of opposite sign as possible to reduce the potential energy. 
This tendency promotes the formation of close-packed 
structures. 


P a 
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; E p a i "i 5 asil y 


b ca 
i ours to the me 
hat only two anions can be neigh eS nee ahh 
eee p ll the above three conditions. Con d ji 7 t on E 
araa ; 1.47(a) below. Here, the three surro ding o 
as shown in Fig. |. 


aaie 0.155, then tha 
‘lity. When the radius ratio 1s less ane ae the Oy 
instability. fy all three conditions is to reduce EEY be i 
il etal fr /r_ slightly greater than 0.155, © anig 
to 2. For values oF r /ra but do not touch one another, as shoy, | 
entral cation as . . This atin 
ie conditions of stability are still re Situat 
sre , il till the radius ratio increases to age, an Me 
y a e corresponding to a tetrahedral She coor oti 
ontgakvani ; ding anions touch one another 
rhi a the four surrounding 
= = rt a 0.225, 


‘on i e as that obta: 
Pi configuration is sam ain 
+ also the central cation. This z in the tetrahedral void d 
; by fitting the largest possible sphere 
+ . 
= 7 lose-packed structure (see Fig. 1.49). ires conte 
p T of 5 does not satisfy all the three on 
anc ; hap i 
<relra <0.155 0.155 < roffa $ 0.225 P A uration because it is always possible to h, 
rera = 0.155 — ; (c) stable config lternative to any arrangement that cont, 
) n six anions as an a ius ratio. The crit 
(a ination of anions around a central cation: : without a change in the radius ti 
; jangular coordination of an f . d five anions, i dination occurs at r /; 
Pige SA7 Tranan stable configuration, an 7 taheral (six) coordin dT, 
eS a ti configuration roneinen i eae he size of the octahedral void in a clg 
(c) stable (but not cri | his confieupation 0.414, which is same as the OFT, 9, 10; and TÍ stencil 
The ratio of the cation to anion radius r,,/r, for = packed structure. Ligancies T , 
epic hich can be worked out from the simple geometry (see ermissible. 
1g. td ). 


: ties > 
situations. The radius ratio is said to be a critical value because fo 


. . i i 3 
1HUS . 


Table 1.11 Ligancy as a function of radius ratio in 1 : 1 or AB-type structure 


The radius ratio ranges in which different values of ligancy 


Ligancyor | Range of radius Configuration | Structure type | Examples 
coordination number | ratio (r/ro) ae beac Ho | i | 
* | | REN | 
L 2 0.0<—<0.155 Linear ai 
E as — i š g 7 gy 
| | 
| ‘ | mg 
2. 3 0.155< : <0.225 ‘Triangular = | 
oo CuCl, CuBr, Cul, BaS, HgS 
3 4 0.225<—<0.414 Tetrahedral ZnS | 
. R = _ 
es L, 
4. 6 0.414< Č < 0.732 Octahedral NaCl M20, NaBr, CaS, MnO, KBr, Ca 
R | | S = 
5, 8 0.732 < 7 <10 Cubic CsCl Csi, CsBr, TIBr, NH,Br 
z oe | | a | 
r | | 
6 12 —=1.0 | fi — | == 
R | cc or hep | = 
— L es | _ | L a 
*r = radius of cation: R = radius of anion 
Note: There are exceptions for each type of structure, e.g., In AABC, 
BeS (f/r, = 0.19) has ZnS (sphalerite) type structures: Lil Base 
(t/t, = 0.34), LiBr (r/r, = 0.38), KCI (r/r, = 0.77), RBC] cos 30° = ———* __ 
(r/r, = 0.83), BaO(r,/r, = 0.97) ha 


ve NaCl-type or rock Salt 
type structure. 


Critical Radius Ratio for Triangular Coordination 
The critical condition fo 


r triangular Coordinatio 
1.56. The three anions touch 


n is shown in F igure 
cation. From the simple geom 


one another as well 
etry, we can write: 


EY "HEE 


as the central = 


Hypotenuse _ RIR +r 


(R + r) cos 30°=R 


>R+r= E (C. 
3 


B ` cos 30° = 3/2) 


pee = —€« a 
6 © Anion 
® Cation AB 
Ri 
aS 30° a 
—C 
e R 


R = Radius of anion 
r = Radius of cation 


Fig. 1.48 


Critical Radius Ratio for Tetrahedral Coordination 
or Relation Between Radius (r) of the TV and Radius (R) 
of the Atoms in Close-Packed Structures 


® Cation in TV 
© Anion at the corner 
of cubic unit cell 


| 


Fig. 1.49 


The anions touch each other as well as the central cation. Let r is 
the radius of TV (cation), R is the radius of anions, and a is the 
edge length of the cubic unit cell. 

From the right-angled triangle ABC, face diagonal (AB) is 


AB = (AC)? +(BC)? = ya? +a? = V2a 


Since anions at A and B are actually touching each other in the 
“ose packing, face diagonal (AB) = 2R. 


Hence, 2R = J34 or R= Fa Ai) 
Again from the right-angled triangle ABD, 
Body diagonal (AD) = (AB)? + (BD)? 
“AD= 2k +p) = V34 
Hence, (R+ ry = SB, ii) 


Dividing Eq. (ii) by Eq. (i), we get 
Rtr) Bale J 


nh h 


Or ] + 


r 
R 


Sl 
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v3-V2 _ 1.732-1.414 
J? 1.414 


Radius of TV \ _ bees eee 
i.e., cation ~ | of the anion 


= 0.225 


or r=0.225R 


or i 0.2257, 


Critical Radius Ratio for Octahedral Coordination 
or Relation Between Radius (r) of the OV and Radius (R) 
of the Atoms in Close-Packed Structures 


The anions touch one another as well as the central cation present 
in OV. A sphere above and a sphere below this small cation (sphere) 
have not been shown in Fig. 1.50. 

From right-angled ABC, 


(BC) = (AB)’ + (ACY 
(2R? =(R+ry +(R+ry 
=R +r? 


"ag — 


(2R)° 


or -——— =(R+ry* 
5 ( ) 


ar f 
K ai 


Fig. 1.50 


—— eee” 


or (V2R)Y =(R+r} > V2R =R+r 
n r= V2R—R= R(V2 -1) 
= R(1.414 — 1) = 0.414R 
. Radius (r) of OV = 0.414R 
Alternatively 
(2r + 2R) cos 45° =2R >r / R= V2 -1 =0.414 
In case of ionic compounds, anions are usually present in close 
packing and cations occupy the voids, we can also write 
a. For cations occupying TVs, r. = 0.2257.. 
b. For cations occupying OVs, r, = 0.414.. 
Hence, a TV is much smaller than the OV. Moreover, the maximum 
size of the cation occupying the void is 0.4142. If the smaller 


spheres (i.e., cation) to occupy the voids have size larger than this. 
the arrangement will no longer be close packed. 


Critical Radius Ratio for Body-Centred Co-ordination or 
Relation Between Radius (r) of the Body-Centred Void 
and Radius (R) of the Atoms 

The critical condition for cubic void is shown in Fie. LS1. The 
anions touch one another (as in se) as well as the central cation. 
From the simple geometry, we can write 


a= 2R and V3 a= I2R+?r 
p 
> V3 -1 =0.732 => r=0.732R 
R 
Q 4 Void 
Raves R Anion 
” a a oe ($) 


Fig. 1.51 
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1.15.2 COORDINATION NUMBER IN SOME IONIC 
COMPOUNDS i ber of cases, 
The liganey rules outlined above are obeyed As oe ah 0.54 
For example. in the NaCl crystal, the ratio f a m | T ihe 
which lies between 0.414 and 0.732. As listed in Fabie iania 
The octahedral geometry of six chlorine 


aiota i 3 H Is 0, 
predicted liganey ntally observed. In 


+i be Ct eat eel coordination 
MO ee eee £0.73. itiediffieull to predict 
is observed. In CsCl. re "er shi 
Whether a six-fold or an cight-fold coordination will occur. It so 
tums out that the cight-fold coordination is observed. In this case, 
that is, every cesium cation is surrounded by eight chlorine anions. 
The Si-O bond in silica as well as in silicates is about 50% ionic 
and 50° o covalent. Here, the central silicon cation is surrounded by 
four oxvgen anions located at the comers of a regular tetrahedron. 
This arrangement satisfies both the ligancy rules (as 7 /r, = 0.29, 
the tetrahedral coordination is predicted from Table 1.11, as well 
as the onentation relationships of sp bonds). 

The stability criteria listed above for predicting the ligancy may 
not always be valid. If the directional characteristics of bonding 
persist to any significant degree, the considerations based on the 
radius ratio alone will not lead to the correct prediction of ligancy. 
In the above-discussed example of Si-O coordination, the radius 
ratio criterion and the bond angle requirement happen to coincide. 
In ZnS, where the bond is more covalent than ionic, the ligancy 
predicted from rz_2+/rgo- = 0.48 is octahedral. Yet the four-fold 
coordination characteristic of (sp ) bonding is observed. 

In the formation of ionic crystals, the ligancy rules described 
above determine the local packing around a cation. The long-range 
arrangement of ions in the crystal is dependent on the following 
factors: 

a. In the crystal, the overall electrical neutrality should be 
maintained, whatever be the net charge on a local group 
of a cation and surrounding anions. For example, in NaCl, 
where a cation is surrounded by six anions; the net charge 
on NaCl, is 5. Evidently, this has to be neutralized in the 
long-range arrangement. 

b. The ionic bond being non-directional, the ions are packed 
as closely as possible in the crystal, consistent with the local 
coordination. 

When the cation charge is not more than 2 or at best 3 and 
when the radius ratio is in the range 0.414-0,732, the crystal 
Structure can be described as fcc or hcp packing of anions 
with the cations occupying all or part of octahedral voids in 
the structure. The fraction of octahedral voids that are filled 
depends on the number of cations to anions in the chemical 
formula. Thus, for the rock salt (NaC ) structure, adopted by 
hundreds of binary ionic compounds, ra / roy, = 0.54 and the 
anion packing is fcc with all octahedral voids filled with sodium 
cations. Note that there is one octahedral void per sphere in 
a close-packed array. A unit cell of NaC] crystal is shown in 
Fig. 1.52, with the larger chlorine ions occupying the corner and 
SN Heine inna and ` sre ions in the octahedral 

e body centre and at the 


ss, 
midpoints of the cube cdges. Note that unlike in the monoatomj, 
fec crystal, the chlorine ions do not touch one another along ų i 
face diagonal. This is so because the radius ratio of 0.54 is Beaty 
than the size of the octahedral void in a close-packed structur, 
which is 0.414. The fec close packing is “opened up” here 4. 
the extent necessary to accommodate the sodium cations in the 


octahedral voids. 


Fig. 1.52 A unit cell of NaCl with CI? at fcc positions 
and Na? ions in the octahedral voids 

As the fcc positions and octahedral void centres ar: 
interchangeable like the body centre and body corners iy 
the bec cell, the NaCl structure can also be described as tw 
interpenetrating monoatomic fcc cells, one corresponding to the 
anions and the other to the cations. The basis of the NaC] structure 
is one sodium ion plus one chlorine ion. The sum of their radi 
TnNa® + roo = a/2, where a is the lattice parameter. 


When r, /r, is in the range of 0.7312 to 1, an eight-folg 
coordination is observed. CsCl with oes = 0.91 is a typical 
example of this structure. The cesium ions are at the body centr 
and the chlorine ions are at body corners. The space lattice is 
simple cubic, with a basis of one cesium ion plus one chlorine ion 
per lattice point. 


1.16 STRUCTURES OF SIMPLE IONIC 
COMPOUNDS 


Simple ionic compounds are the compounds of the type AB or AB. 
where A and B represent the positively and negatively charged 
ions, respectively. It is more difficult to describe the structure: 
of even these simple ionic compounds as compared to those ol 
the elements. This is because an element consists of only ont 
type of atoms, all of which occupy the lattice points, e.g., in cas 
of copper which is face-centred cubic (fcc), all lattice points ar 
occupied by copper atoms. On the other hand, in case of evel 


simple ionic compounds, the arrangement of both A and B ion 
has to be described, as given below, | 


1.16.1 SIMPLE IONIC COMPOUNDS OF TYPE AB 
lonic compounds of the type AB means compounds havin; 
positively and negatively charged ions in the ratio 1 : 1. Thes 
compounds have any one of the following three types of structures 

a. Rock salt (NaCl) type structure | 


b. Caesium chloride (CsCl) type structure 


c. Zinc blende (ZnS) or sphalerite type structure 


The main features of each of these structures are discussed 
below. 


Rock Salt (NaCl) Type Structure | 
The structure of NaCl is as shown in Fig. 1.53. The main features 
of this structure are as follows: 

a. It has a face-centred cubic (fcc) arrangement (also called 
cubic close packing, i.e., ccp) in which CI° ions occupy 
the corners and face centres of the cube while Na® ions are 
present at the body centre and edge centres. 


, Mey 
2 IAN 
t IIi 
Z K 
Pi -/- O = Na® 
i = ce 
ee O=Cl 
A t2 
@ 


C F ion surrounded 
octahedrally ee, = 
by six NË ions Na ion surrounded ` 
l octahedrally 
by six CIS ions 


7 


Fig. 1.53 NaCl structure 


b. Each Na ion is surrounded by six CI° ions and each CI® 
ion is surrounded by six Na® ions. In other words, the Na® 
ions as well as CI° ions have coordination number of 6, 
i.e., this structure has 6 : 6 coordination (i.e., Cl° ions 
being larger in size are present in the close packing while 
Na? ions are present in all the octahedral voids. Further, 
for exact fitting of cations and anions, the radius ratio 
r/r- should be 0.414. The actual value of Tna® co = 9.925. 
Hence, to accommodate large Na” ions, CI° ions move apart 
slightly, i.e., they do not touch each other. Hence, it forms 
an expanded face-centred lattice). 


c. A unit cell of NaCl consists of four NaC] units, i.e., 
four Na” ions and four CI® ions as calculated below. 


Eight Cl” ions are present on the corners and six Cl° ions on 
l ' ] | 

the faces so that CIP ions per unit cell = 3 x 8+ z x6=4. 

Similarly, 12 Na® ions are present on the edges and one 


a 
within the body so that Na” ion per unit cell = 3 x12+1=4. 


A few examples of the compounds having structure similar to 
that of NaC! are as follows: 


a. Halides of alkali metals ( except those of cesium) and that 
of ammonium 


b. Oxides and sulphides of alkaline earth metals (except BeS) 


c. Halides of silver (except silver iodide) 


Caesium Chloride (CsCl) Type Structure 
The structure of CsCl is as shown in Figs. 1.54(a) and 1.54(b). 
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Cs® ion surrounded 
by 8 ClP ions 


(ce ion surrounded by 8 Cs® ions) 


e i Q 
a a sA x 
Q 
i 
Na 


Fig. 1.54 (a) A unit cell of CsCl structure; and (b) the concept of 


reversibility in the case of CsCl crystal such that CIF lies 
in the simple cubic of Cs? 


The main features of this structure are as follows: 


a. 
b. 


It has body-centred cubic (bec) arrangement. 

Each Cs® ion is surrounded by eight Cl° ions and each C15 
ion is surrounded by eight Cs® ions, i.e., this structure has 
8 : 8 coordination. 


. A unit cell of CsCl consists of only one unit of CsCl, i.e.. 


one Cs® ion and one CI® ion (because each ion present 
at the corner is shared by eight unit cells) [The ratio 
ro® /royo = 0.93 which is greater than expected for exact 
fitting (0.732)]. 


A few examples of compounds having CsCl structure are: 


CsBr, CsI, CsCN, TICI, TIBr, TH, and TICN. 


Zinc Blende (ZnS) Type Structure 

The structure of ZnS is as shown in Fig. 1.55(a). It exits in two 
different forms, zinc blende and wurtzite. Both are 4: 4 structures. 
The main features of this structure are as follows: 


a. The arrangement as possessed by ZnS is called cubic close 


packing (cep) in which S~ ions are present at the comers 
as Well as at the centre of each face of the cube. 


5 a. E : 
» Each Zn“ ion is surrounded tetrahedrally by four S™ ions 


D.. ` 
and each S% ion is surrounded tetrahedrally by four Zn?* 
ions. Thus, this structure has 4 : 4 coordination, (The ratio 


"7,24 /fs2- = 0.40 which is greater than expected for exact 
fitting (0.225).) 


De ; 
Note: Zn“ ions are present in alternate tetrahedral voids. 


a 


+ ions 


1.40 Physical Chemistry _—— f 
are 8 TVs 
S units per unit cell. 


a Da 
_ Thus, there are four Zn 


In an fcc unit cell, there 
and 4 S% ions giving 4 Zn 


(a) 
Here electronegativity difference between Zn and S is very small 
(EN for Zn = 1.6 and EN for S = 2.5). Therefore, the bond between 
Zn and S has significant covalent character. 


Figure 1.55(b) gives the structure of diam 
that it is similar to that of ZnS (sphalerite). 


A few examples of ionic compounds having ZnS structures are: 
CuCl, CuBr, Cul, Agl, and BeS. 


ond and it is found 


Fig. 1.55 (a) Structure of Zns. (b) Diamond structure. Both structures (a) 
and (b) are identical 


4.16.2 SIMPLE IONIC COMPOUNDS OF TYPE AB, 


(FLUORITE TYPE) 

The next simplest type of ionic crystal structure is the 
1:2 type popularly known as AB,-type structure. Calcium 
fluoride (fluorite), CaF,, is an example of AB,-type compounds 
(Fig. 1.56). Other ionic structures similar to CaF, structure are 
grouped under fluorite structure. The calcium ‘ane Ca*", are 
located at the face-centred cubic lattice points anil: therefore 
have cubic close-packed arrangement. The fluoride feng (FO jong) 
occupy all the 8 tetrahedral voids. Thus, there are 4 Ca?” ions a d 
g F® ions in the unit cell of calcium fluoride. San 


Ca** ions 
FÈ ions 
Fig. 1.56 Structure of CaF, (fluorite) 


Note: Here negative ions (anions) (F° ions) are present in al 
tetrahedral voids. 

Coordinate number of AB,-type structure 

Since each Ca‘ surrounded by = 8 F° ions 

Each F® is surrounded by = 4 Ca”? ions 

Thus, the structure has 8 : 4 coordination. Other ionic compo 

that have fluoride structure are SrF,, BaF ,, PbF,, and BaCl. 


F TYPE A,B 


Several A,B-type or 2:1 
to the fluorite structure; hence the so-c 
In an antifluorite structure the position of cations and anions 


obtained in the fluorite structure gets reversed. In this stru 
the smaller cations occupy the positions of fluoride ions and 
larger anions occupy the positions of the calcium ions in the flu 
structure. For example, in Na,O, oxide ions (05) have ac 
close-packed arrangement and Na® ions occupy all the tetrah 
voids (Fig. 1.57). There are several oxides and sulphides whi 
have antifluorite structure such as Li,O, K,O, Rb,O, and Rb,S- 


© =Na® 
Fig. 1.57 Na,0 structure of antifluorite type 
Coordination number of A,B-type structure: 
Each O* ions is surrounded by eight Na® iene. 
Each Na® ion is surrounded by four O% | 
Thus, the structure has 4 : 8 coordination. 
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| 4 RELATION BETWEEN EDGE LENGTH A AND Cations (i.e., Na® ions) are in all octahedral voids formed 
| 1.46 RADIUS OF CATION AND ANION IN IONIC | at the edge centre and body centre of the cube as shown in 
Fig. 1.59: 


COMPOUNDS 

a. For bee-type (CsCl) structure 
In CsCl lattice, anions 
(e.g, CI® ions) are at 
corners of the ove and 
cations (€.g.. Cs® s~ ions) 
are at the body centre of 


the cube as shown in Fig. Na 
1.58. 
From the figure, it 1s ( 
clear that AD is the body | 
diagonal of the cube. F 
«(ADY =(AC)?+(DC)- Fig. 1.58 — 
= [(AB)° +(BC)"] + DC)? 
(2r+ 2ra)? = 3a’ From the figure, it is clear 
Oo ay ie 4, (2rg + 2r,)=a 


a 
b. For fec-type (close-packed) structures (e.g., NaCl type) ee trn 5 


In NaCl lattice, anions (i.e., CI? ions) are at the corners and 
face centre of the cube. Thus, Z. OF Cr =A. 


Table 1.12 Summary of the main characteristics and examples of si some simple ionic solids 


Crystal Brief description | Examples Ls - Coordination Number of formula Coordination 
structure = | number | unit/units cell = number 
Type AB: It has fcc arrangement ı in which Halides of Li, Rb Bach Na® is sur- General formula 6:6 
Rock salt CI° ion occupy the corners and _AgF, AgBr, rounded by 6 CI®. A,B, or 4AB 
NaCl) type face centres of a cube while Na? NY 4Cl, NH,Br, | Each CI® is sur- Zo 4 
ions are present at the body and ‘NH, I rounded by 6 Na® 
_ edge centres.  —  — = | -Na® occupy all OVs, 
Radius: (rg, +1.) =al2 | _& all TV are empty. 
Caesium it has bec arrangement with Cs® CsCl, CsBr, | Each Cs® is sur- General formula 8:8 
chloride at the body centre and CI° ions at Csl, CsCN, rounded by 8 CI°. AB 
(CsCl) type the comers of a cube or vice versa. TICI, TIBr Each CIÔ is sur- Zee = | 
Radius for bec B TII, and TICN rounded by 8 Cs®. 
type (ra tr-)= —a | 
Fit: i Z | 
r5 It has ccp arrangement in which | CuCl, CuBr, Cul, | Each Zn?* is sur- General formula +:4 
ende (ZnS) = S% ions form fcc and each Zn?’ Agl 50% of TV rounded by 4 S? A,B, or 4AB 
Sphalerite) ion is surrounded tetrahedrally by are empty 100% Each S% is sur- Zon = 4 
type S* ion and vice versa, of OV are empty rounded by 4 Zn? 
Zn"? are in alternate 
z TVs, 
Type. AB, It has ccp arrangement in which  BaF,, BaCl, Each Ca’? is sur- General formula 8:4 
iare? Ca?* ions form fcc with each SrF,, SrCl,, rounded by 8 FY, A,B, or AB . 
| aF) type Ca** ion surrounded by 8 F ” ions CdF,, PDE, Each F” is sur- Z 2 4 
and each F® ion by 4 Ca? ions rounded by 4 Ca?", 100% TV occupied 
| | i ie occupy all 100% OV empty. 
eT oo . the 8 TVs. 


42 Physical Chemistry i 
: | Tans form the ccP Na,O, Li,O 
Type A,B Here ©% ions a re 

| Anti- i | arrangemen! so that cat : 

| nded by 4 O 


jon ts surrou 


fluorite type | dt h 
| ions and each O ion ts 


@ true 
| surrounded by 8 Na ions. 


| 


F DIAMOND 


amond are called “diamond 
structure with four more 
Iternate tetrahedral voids. 


STRUCTURE O 


h follow the structure of di 
Diamond has fec 


sent inthe a 


1.17 
Solids whic 
`“ [Fig. 1.550)]. 
re found to be pre 
amond cubic 


cubic 
atoms that a 


So. Zep of C-atoms in di 
che 


in alternate TVs 


- Z „in fee unit cell + Zug 
- 4] 
= ~R4+—x 6) + [1 x 4] =8 
2 a 
Alternate TVs 
for unit cell 


The C-atom in TVs touches its four surrounding at 


hbours). so the coordination number = 4. 


neig 

The carbon atoms in an fcc lattice do not touch atoms at all. 
But C-atoms which are present in tetrahedral voids touch the 
surrounding four atoms. So, the centre-to-centre distance between 


two C-atoms Is: 


oms (nearest 


where a is the length of the unit cell and r is the radius of 


C-atom. 

Packing efficiency (PE) of diamond cubic (dc) 
Z. * Volume of C-atom 
Ler x 100 


PE = - 
p 


8x Z nr x100 
SX Ww x ` 
3 (, =) 


yr 
32 


q 
3 


/ 3 
z =] z 100 = 34% 
% 
£ P ‘ ’ z i 
yermanium, silicon, and grey tin also crystallize in the same 


way as diamond docs. 


1.18 SPINEL STRUCTURES 


Spine] structures are exi Wit Sheed 
Spe ghis are examples of an ionic crystal with more than 
ypes 0 Ions. Spinel: are c s t 
: 4 IT sae 
cations A” and B” and oxide (O° ) pee with two different 
+7 44 s : as IC í i > 
formula A’? B, * 0,” f anion, with the general 
Note: Many substances of the type (A“ B,” 0, ) ; 
spinel-type structure. 2 O4 ) also have 


1184 NORMAL SPINEL STRUCTURES 
n such structures, O% anions fi 
S, orm the fee packing ; 
of TVs are occupied by divalent metal ee a 
alf of the 


General formula 


O:a 
Fach Na 15 gur- 


rounded by 40°. A,B, or A,B | 
Each O? is sur- r Lg 4 


rounded by 8 Na”. 

Na? ions occupy all 

the TVS. a 
pied by trivalent metal ions (B) l 


octahedral voids are occu 


the unit cell, we have 
Zoto anion in fcc packing = 4/unit cell 
Number of TVs = g/unit cell 


Number of OVs = 4/unit cell 


Therefore, | | 
Number of A?’ ions = 3 x TVs = r z8%=] 


Ha ] ] 
Number of B? ions = a aia 


General formula = A,” B,” 0O; =AB,04 


Examples: ZnAl,04 MgALO,, ZnFe,O4- 


Alternatively 

Let Zo, of O anion in fcc packing = |/atom 
Number of TVs = 2/atom 
Number of OVs = 1/atom 


Therefore, j i 
Number of A?* ions = 3 x TVs= P x 


Number of B®’ ions = x OVs = d “i= 


General formula: 
2+ p+ N2- 
A y By Oi 
4 2 
On simplifying, we get the formula AB,O,. 
a. Ratio of TV/OV occupied in spinel structure 
Number of TV occupied = | 
Number of OVs occupied = 2 
a ia,” 
Ratio es oe. 


vin ? 
occupied > 


b. Ratio of TV/OV unoccupied in spinel structure 
Number of TVs unoccupied = 8 — | = 7 
Number of OVs unoccupied = + — 2 = 2 


Ratio es = 7 


unoccupted ` 


= Fos 


> 


—_ INVERSE SPINEL STRUCTURES 
n such structures, O7 anions form the fcc packing and 1/8th of th 


tetrahedral voids are i 
edral voids are occupied by divalent metal ion A”. Trivale! 


metal ions B*! are present in (Lin TV + . 
Thus, in tł i i a" a 
, In the unit cell, we have 


Z 2- anion i 
e Of OY anion in fec packing = 4/unit cell 
Number of TVs = 8/unit cell 


> 
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i umber of OVs = 4/unit cell 


qherefore, l l f 
Number of A” “ions = mi Iysa x8=1 


ie l ] 
Number of B?" ions = A x TVs + x OVs 


General formula: 
AB, Or =AB,0, 
Alternatively 
Let Zo OF O% anion in fcc packing = 1/atom 
c 
Number of TVs = 2/atom 
Number of OVs = 1/atom 


Therefore, 


l 
Number of A” ions = 8 x TVs=—x2= ; 


1 

8 
l 

Number of B?* ions = 8 x TVs + i x OVs 


TE 
8 4 
1 1l 
= — + — 
4 4 
=2_1 
4 2 
So, general formula: 

2 n% n2- 

At By Oi 

4 2 


Simplifying, formula = AB,O,. 
a. Ratio of TV/OV occupied in inverse spinel structure 
Number of TV occupied = 1 + 1 =2 
Number of OV occupied = 1 


So, ratio (7) = 2 = 271 
occupied l 
[TV _ l l 
This ratio | —— in inverse spinel structure 1s 
OV occupied 


reverse to that of the spinel structure. Hence, this is 
called inverse spinel structure. 


b. Ratio of TV/OV unoccupied in inverse spinel 
structure 


Number of TVs unoccupied = 8 — 2 = 6 
Number of OVs unoccupied = 4 — 1 = 3 


Calculation of general formula 

First méthod: 
Z Of O% in hcp packing = 6/unit cell 
Number of TVs = 12/unit cell 
Number of OVs = 6/unit cell 


Therefore, 5 ; 
Number of A?” = z” OVs = ~ 6=4 


General formula: 
Ao 
Simplifying, formula is A,O3. 
Second method: 
Let Zg of O% = 1/atom 
Number of TVs = 2/atom 
Number of OVs = 1/atom 


Therefore, 5 5 2 
3+ = = 2 ¢f=— 
Number of A 3 x OVs 3 x 3 


General formula: 
3+ 2- 
A} O; 
3 
Simplifying, formula is A,O3. 


Coordination number of corundum 
From the formula, the ligancy of ee 07) in A,O, is 6: 4. 


Note: Ligancy of A** = Number of o ions 
Ligancy of O% = Number of A”? ions 


1.19.1 STRUCTURE OF THE OXIDES OF IRON 

Iron forms three important oxides which are FeO, Fe,O,, and 
Fe,O,. These compounds have non-stoichiometric composition 
and are easily oxidized or reduced into each other. These aspects 
are explained on the basis of their crystal structure as follows: 


a. Structure of. FeO: If the oxides ions (07) form a cubic 
close packing with all the octahedral voids occupied by - 
Fe?* ions, we will get a perfect rock salt (NaCl) lattice. 
The formula of the oxide then would be FeO. However, 
actually the oxide is found to be non-stoichiometric with 
the composition Fe, .,O (called wustite). This structure 
can be explained by assuming that a small number of Fe?” 
ions in these octahedral voids are replaced by Fe** ions (of 
course every three Fe?* ions would be replaced by two Fe** 
ions to maintain electrical neutrality). Consequently, we get 


So, ratio fad Ee 2:1 Fe-deficient crystals. 
OV unoccupied 3 
Formula 
1.19 CORUNDUM STRUCTURE Number of O% in ccp = 4/unit cell 
In this structure, O% anions form hep and cations A?" are present Number of Fe*? = Number of OVs = 4/unit cell 
n two-thirds of the octahedral voids. The general formula of a Formula = Fe,"0,7 = 4FeO 


‘ompound is A 0,. Examples are Fe,O,, Al,O,, Cr,03. 
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b. Structure of red brown a-Fe,O, 


ions with pe ions in two-thirds 


It is an hep lattice of oO” 
of the octahedral voids. 
Formula 
Number of O% in hep = 6/unit cell 
Number of OVs = 6/unit cell 


J 


‘ " R46 Zé, 
Number of Felons = 3 x OVs 


x6 = 4/unit cell 


ta | bo 


34+ 2- 
Formula = Fe,” O% 


Simplifying: Fe,O,. 

Alternatively 

Ifall Fe™ ions in FeO is replaced by Fe?* ions, then as every 
three Fe”? ions can be replaced by two Fe?" ions to maintain 
electrical neutrality, the ratio between Fe** and O% will now 
be 2 : 3 and not 1 : 1, we get the oxide Fe,O3. 

Structure of y-Fe,O,: If a-Fe,O, is oxidized, ‘Y-Fe,O, is 
formed which has a ccp lattice of O” ions with Fe" ions 


randomly distributed in both octahedral and tetrahedral 


voids. 

d. Structure of Fe,O,: Fe,0, (magnetite) is formed as a black 
solid by igniting Fe,O, at 1400°C. Fe,O, is a mixed oxide 
Fe"0-Fe,"0, or Fe” Fe, "O 4 which has an inverse spinel 
structure. 

Itis a ccp lattice of O% with larger Fe” in 1/8th of tetrahedral 
voids. Fe*” ions are present in 1/4th of octahedral voids and 
1/8th of tetrahedral voids. 


Formula 
Number of O% in ccp lattice = 4/unit cell 


Number of TVs and OVs, respectively, are 8 and 4 per unit 
cell. 


Number of Fe” ions = Zx TVs -ix S=1 


Number of Fe*” ions = 1, TVs + ; OVs 


.. General formula = Fe n Fe,** 0,7 =Fe,O 
324 


All these compounds are called ferrites, but they are now 
represented as mixed oxides. 


e. Another rampie of the iton oxide structure is MgF 
where Mg “ions replace Fe?” ions of F e,0,. In the aa 
ra spinel structure of compounds of the general Fails 

20, (e.g., MgALO, and ferrites such as ZnFe,O,), the 


divalent cati t, Fe? 
cations (Mg? , Fe H are in tetrahedral voids and 


ŮŮŮŮŮ ee 
‘ons (F a, AB*) are in octahedral Voids 


hich possess spinel-type structure ate 
aterials used in telephone or memo 

(magnetic) is the load stone useg. 
d the direction. | 


| 


the trivalent p” 
Many of the ferrites W 
important magnetic m 
loops in computer. Fe,0, 
by ancient travellers to fin 


are arranged in ccp. One-sixth of the | 
d by cations (A) and one-third of 


In a compound, oxide 1ons 
tetrahedral voids are occupie 
OVs are occupied by cations (B). (a 


compound? (b) What are the charges on A and B? 


“Sol a. First method 


Number of O7 ions in ccp = 4 
Number of TVs = 8 
Number of OVs = 4 


ji 
Number of cations A= F x TVs 
= 1 x 8 = 4 
6 3 
1 
Number of cations B = 3 x OVs 
= t x 4 = fad 
3 3 


Formula A4 B4 0,” =ABO 
3 3 

Second method 

Let the number of O” in ccp = 1/atom 

Number of TVs = 2/atom. 

Number of OVs = 1/atom. 


Number of cations A = ding oa 3—1 
6 6 3 

Wurd : o1 1 1 
umber of cations B = — x OV =- xl=-— 
3 3 3 


Thus, formula is: A,,, Bi} Oo => ABO. 


Various possibilities of charge on A and B since charge 
on oxide ion is —2. 


ABO, = A*t Bt o 
A2t Re o> 
A* B2* a 
Ao B'* o> 
Alt prt o 


. compound is made of two elements P and Q. Atoms Q are in 
ay pangamat while atoms P occupy all the tetrahedral voids 
hat is the formula of the compound? 


S0) First method 
Number of Q atoms i 
n ccp = 4/unit 
Number of TVs = 8/unit cell mee 
Number of OVs = 4/unit cell 


Thus formula = P,Q, => P,Q. 

Second method | 

Let number of Q atoms in ccp = 1/atom 
Number of TVs = 2/atom 

Number of OVs = !/atom 

Number of P atoms = Number of TVs = 2 
Thus, formula = P,Q 


is PRAT a iN i 


revo ions A® and B® have radii 88 and 200 pm, respectively. In 
wW j j 
the close-packed crystal of compound AB, predict coordination 
number of A. 
~A® 
=, r(B) 200 
It lies in the range 0.414 to 0.732. 


Hence, the coordination number of A® =6. 


fie close-packed cations in an AB-type solid have a radius of 
75 pm, what would be the maximum and minimum sizes of the 
anions filling the voids? 


(Sail) For close-packed AB-type solid, 


7®@ _ 9 414-0.732 


Tp 


je r 
<. Minimum value of r- = 2 


0.732 
Ia 
= ——— pm = 1025 
0.732 > 
Maximum value of r= oO 181.2 pm 
0.414 0.414 


man, ae ie 


If the radii of Mg”*, Cs®, 07, S”, and CI® ions are 0.65, 1.69, 
1.40, 1.84, and 1.81 A, respectively, calculate the coordination 


CN of MgS 
Mg” 0. 
AT 
S 1.84 
(Range lies between 0.225 and 0414) 
“ CN=4 
2+ 
b. In MgO: E M =0.48 
O% 1.40 
(Range lies between 0.414 and 0.732) 
= CN=6 
® 
e hoo- <S__ 16 _ 
Of {Bi 
(Range lies between 0.732 and 1) 
+ CN=8 


ence L 


| amber of P atoms = Number of TVs = 8 
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1.20 PEROVSKITE STRUCTURE 


: : . : 2+. aü . 
The perovskite structure 1s a cubic lattice, with Ba” 1ons 0c pying 


j ri i e face centres, 
the corners of the unit cell, O% 10ns occupying th 


and Tift ions occupying the centres of the unit cell (Fig 1.60). 
Thus, the formula is: . 


| — 
Number of Ba?" ions = ; x 8 corners = | 


Number of Ti” ions = 1 body centre atom. 


l = 
Number of OZ ions = 6 faces * 9 face centre share 


; bets 2- _ . 
Therefore, the formula is: Ba? "HO; = BaTiO, 


a. Tit ions are present at the body centre of the unit cell, 
therefore they are present in octahedral voids. 


Thus, OVs at the centres of the unit cell constitute one- 
fourth of all the octahedral voids in an fcc lattice. 


[Since total OV = 4(1 at body centre + 12/4 at edge centres) |] 


b. Tif ions at the centre of a unit cell has six nearest neighbour 
O% ions. 

c. The other octahedral voids located at the centres of the edges 
of unit cell have six nearest neighbours each as the case with 
any octahedral voids 

; . +. 
But two out of the six neighbours are Ba“ ions and four are 
O% ions. Mi 

d. The proximity of two cations, Ba” and Ti” would be 

electrostatically unfavourable. 


Ba? at comers 


© O* at face centers 
@ Ti* at body center (OV) 
© Empty OVs at edge centre 


Fig. 1.60 Structure of perovskite 


1.21 RUTILE STRUCTURE 


TiO, exists in three forms called anatase, brookite, and rutile. The 
rutile structure is found in many crystals where the radius ratio is 
between 0.41 and 0.73. 

It is not exactly a close-packed structure. Ti** ions in rutile are 
considered as forming a sufficiently distorted body centred cubic 
lattice (Fig. 1.61). 

In rutile each Ti* ion is octahedrally surrounded by six O% ions 
whereas each O% is surrounded by only three Ti** ions arranged 
at the three corners of a plane triangle. The coordination numbers 
of Ti* and O% ions are 6 and 3, respectively. 
<. Formula is: Ti, or or 2TiO,. 


Note: CN of cation = Number of anions 
CN of anions = Number of cations 


There are only a few cases where the radius ratio is below 
0.41; examples are SiO, and BeF,. The coordination number of 


. — l 
amongst six prisms of this type = 12 x z= 2 
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pema © is 2, However, these are : 
si** and Be” is 4 and that of O* and F™ 1s Zin both A layers = 2 +] = 3. 
appreciably covalent. ; Pi in two A layers + Zapp in B layer = 3 +3 =ç 
ag- 
~. Zin hep = 6 
oo Alternatively | 
O Tit* Z „junit cell = 12 x s (corner) (from both A lay, 


+x 1 (in the centre of both A layery 


+ 3(in the body in layer B)s, 


b. Base area (A) of unit cell of hep | 
It is equal to area of six equilateral triangles each with ig 


2r and altitude (Fig. 1.63). 


Fig. 1.61 Structure of rutile 


1.22 CALCULATION OF EFFECTIVE 


ATOMS IN AN hcp UNIT CELL 


The packing ABAB... is known as hep packing. The unit cell of 


hep is shown in Figs. 1.61(a) and 1.61(b). 
ES 
l 
` l 
4 | 
I 
d 60° ı 


Fig. 1.63 


Perpendicular _ cd 
Hypotenuse ad 


B 


. P(altitude) = 2r x = = 3r 


` Sin 60° = 


Exploded view Hexagonal l 2 
close-packed Base area, A = 6 x — (2r) x V3r = 6V3r 
2 . 

(a) (Learn it as a result. 


_—» Corner share = as 6=] 


c. Calculation of height (c) 
c= 2 x Distance between close-packed layers 


Center atom share = 4 


Total atom in layer A = 4 


' ! 
i A | DB | 
I Total atom in B layer = 3 
f i. i! 
c/2 | pl a i! I 
í e 0 i 
+ GA > A Total atom in A layer = 5 
Ir” 2r sin 60° Zoe= 6 
ABAB ... type packing 


(b) 
Fig. 1.62 ABAB... type packing 


a. Number of effective atoms per unit cell 
i. Three atoms in B layer exclusive] i 
'hree y belong to this pri Fig. 
(i.e., in the body centre of hexagonal) i =a i _ 
i. 


ii. In layer A: Let us take three balls (1, 2, and 3) in the base lay“ 


1. One atom in the centre j boon A. Out of three medians į i i 
2. Thereare a ced by tivo prisms, medians Qy and Rx are shown mal APQR, M 
ms in two A layers and each is shared l at point O re shown in Fig. 1.64 intersectil! 


ei 


ae 


«In an equilateral A, medians are also perpendicular 
j bisectors of sides, <QxXR = 90° and Qx and Ry = r. In 
AQXR, : 
(QRY = (QxY + (xR) 
(27) =; + (NRY > xR= J3r 
iii, Since medians intersect cach other in the ratio of 
2:1, thus 


5 5 


5 PA g 

= ÉXR > RO=—V3r = = 
RO = : xR RC 3 3 
iv. Since distance between two layers A and B = c¢/2. 


~ In Fig. 1.65, point O is the intersection of medians. 


- Layer A 


Fig. 1.65 


(0M?° + (ROY = (MR) 
c) “al 2 
-| +| =| =(2r) 
(3) 3 
2 3 3 
: 2 2 
Hence, height (c) = 4r x = or 2a x A 


(a =2r) 
(Learn it as a result.) 
d. Volume of unit cell = Base area x Height (c) 


= 6 3r? arxi = 2442r? 


(Learn it as a result.) 
6 x Volume of atom 


® 


Packing fraction = —————————— 
eee Volume of unit cell 


_ 3 oom 3.143 0.74 
2442r? 3/2 3x1414 
~. Packing efficiency = Packing fraction x 100 
(or % of volume occupied) = 0.74 x 100 = 74% 
% of volume unoccupied (empty space) = 100 — 74 
= 26% 
(Learn it as a result.) 


Calculation of c/a ratio for ideally close-packed hcp 
crystal: 


2 
From the above in point c (iv), c = 47 3 ("a= 2r) 
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E ar 2x JB =1.633 
a 2r \3 3 


Iternatively E 
ABAB... type of stacking represents the D JamE 
the centres of three neighbouring atoms ofthe middle p ane s 
centres of the atoms of the top and bottom planes ip oe ° 
tetrahedra with a common base (Fig. 1.66). The top an o 0) l 
atoms are centres at two lattice points, one above the - , on 
the two hexagonal base planes of the unit cell. So, the a an : 
between them is the unit distance along the c-axis. The me 
between any two adjacent atoms of a plane is unit rane along 
the a-axis. Unit of c is equal to twice the normal from the ree 
of a tetrahedron to its base. The unit of a 1s equal to the side o 
the tetrahedron. 


2PT 
R 


(Learn it as a result.) 


Q|o 


S 
RU = JRS? - SU? =a? _ (a? /4) = J3a12 


RT = 2 py ee 


3 V3 
PT= JPR? - RT? = Ja? - (a213) = avV2/V3 


Fig. 1.66 In the ABAB... packing, which is hcp, the centres of three atoms 
Q, R, and S on plane B are joined to the centres of P atoms in plane A 
above and below 


1.23 EFFECT OF TEMPERATURE AND 
PRESSURE ON A CRYSTAL 
STRUCTURE 


A number of metals have more than one crystal form, iron, for 
example, is bec at room temperature and changes over to the fec 
form at 910°C. At 1410°C, iron again changes over to the bec 
form. In general, at higher temperatures, bec crystal structure is to 
be expected as it allows larger vibrational amplitudes -for atoms, 
thereby increasing the entropy and lowering the free energy of the 
crystal. This is believed to be the reason for a number of alkali 
metals adopting the bec form at room temperature. 


At ordinary temperatures and pressures, chlorides, bromides, 
and iodides of lithium, sodium, and rubidium and some halides of 
silver possess the NaCl structure with 6 : 6 coordination. On the 
application of high pressure, they transform to the CsCl structure 


Le 
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the other hand, CsCl on heating 


with 8 : 8 coordination. On 
transforms to the NaCl structure with 6: 6 coordination. 


Pressure ~ CsCl-type structure 


NaCl-type structure ~k 
(8: 8) coordination 


(6:6 coordination) 


ILLU: ‘S TRAT ON laL J 
Whenever a two-dimensional square packing same layers 


are kept in the way so that the centres are aligned in all three 


dimensions, coordination number of each sphere is 


a. Ó b. 8 c. 12 d. 10 


Sol. a. The coordination number is 6. (“4 atoms’ 
+] atom above + 1 atom below the particular atom). 


> in the plane 


In an fee crystal, which of the following e~ -~ 
shaded planes contain the given (>) type A A 
of arrangement of atoms? ( à ) 


In hexagonal close packing of sphere in three dimensions. 

a. In one unit cell there are 12 octahedral voids and all are 
completely inside the unit cell. 

b. In one unit cell there are six octahedral voids and all are 
completely inside the unit cell. 

c. In one unit cell there are six octahedral voids and of which 
three are completely inside the unit cell and other three are 
from contributions of octahedral voids which are partially 
inside the unit cell. 

d. In one unit cell there are 12 tetrahedral voids, all are 
completely inside the unit cell. 


Fa b. hep = AB AB AB... pattern repeat 


For calculating voids between two layers A and B 
’ 


Total tetrahedral voids = 12 (represented by “o”) out 
of which 8 are completely inside but rest are shared b 
other unit cells. 


Total octahedral voids = 6 (represented by “O” Al | 
completely inside. a 


The coordination number o 
since 
a. Each atom touches four others in same layer, two in laye 
above and six in layer below. 
b. Each atom touches four others in same layer, four in layer 
above and four in layer below. 
c. Each atom touches six others in same layer, three in layer 
above and three in layer below. 


d. Each atom touches eight others in same layer, two in layer 
above and two in layer below. 


Each atom touches 4 atoms in the same layer, 4 in above 
layer and 4 in layer below. 


CADETS ST A 
Which o 


f the following: statements is correct for a W® 
dimensional hexagonal close-packed layer? 

a. Each sphere is surrounded by six spheres 

b. Each sphere is surrounded by six voids 

c. Each sphere has three voids 


d. Each void is surrounded by three spheres 


c) (a, b, d) 


Void 


an a i g é 7 o 7 
_ Each sphere 1s surrounded by six spheres. 
Each sphere is surrounded by six voids. 
Effective number of atoms in a hexagonal unit cell 


- (4x6) xaxn=3 


Effective number of voids in a hexagonal unit cell = 6 
Hence, each sphere has two voids. 
d. Each void is surrounded by three spheres. 


ySTRATION 1T-¢ 5 

A compound made of particles A, B, and C forms ccp lattice. 

Ions A are at lattice points, B occupy TVs and C occupy OVs. 

If all the ions along one of the edge axis are removed, then the 

formula of the compound is 
a. A; 7sBgC3.75 


c. Ay BCs 75 


(SGP a. Since lattice is ccp, Zp = 4. 


. Number of A ions = 4 
(corner + face centre = 1 + 3 = 4) 
Number of B ions = Number of TVs = 8 
Number of C ions = Number of OVs = 4 
2 TVs are formed at each body diagonal of cube. 
4 TVs are formed on edge centres and body centre. 


b. A; 75B,Cg 
d. A,B, 75C3 


| iC 
| ofj A 
Oo {L O / 
| i | = 
pe A 
A = axis 


(Axis passing through one of the edges) 
A ions are at corner + face center 


© C ions are at edge center and body 
center (where OVs are formed) 


®© 2B ions (not shown in the figure) 
are at four-body diagonal 


2 A ions (at corner) and one C ion (at edge centre are 
removed. 


] 
Number of A ions removed = 2 x : (corner share) = 4 


Number of C ions removed = 1 x i (edge centre share) 


Number of A ions left = 4 —— = 3.75 


Number of B ions = 8 
(Since no B ion has been removed) 


Number of C ions left = 4 — 3 =3.75 


Thus, formula is: A; 7~BgC3 75 
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| f 
ADs 


aun made of particles A, B, and C forms ccp lattice. 
In the lattice, ions A occupy the lattice points and ions B and C 
occupy the alternate TVs. If all the ions along one of the body 
diagonals are removed, then formula of the compound 1s 

a. A, 75B3C3 b. A; 75B3;C, 

c. A,B; 753 d. A,B,C; 75 


A com 


Sila. Since the lattice is cop (Zapp = 4). 
. <. Number of A ions = 4 
(corner + face centre = 1 + 3=4) 
Number of B ions = Number of alternate TV = 4 
Number of C ions = Number of alternate TV =4. 


| l 
Number of A ions removed =2 x 3 (corner share) = 4 


One of the body diagonals. Other diagonals 
are not shown in the figure 
A ions are at comer + face center 


B ions are at alternate TV at each 
of the 4 body diagonal 


C ions are also at alternate TVs 

at each of the four body diagonals 
Number of B ions removed = 1 
Number of C ions removed = 1 
(Since body diagonal ions are inside the cube so they 
do not share with other ions). : 
Number of A ions left = 4 — l_ 3.75 

4 


Number of B ions left=4-1=3 
Number of C ions left = 4-— 1 =3 
Thus, formula is: A, 5;B,C, 


Kaien PEENES ASI NST MANOR aay AT ie Ne 


A compound is made of particles A and B. A forms fcc packing 
and B occupies all the OVs. If all the particles along the plane 
as shown in the figure below are removed, then the simplest 
formula of the compound is 

a. A, B- 


c. AB d. AB 


` 3.715 


b. A, B; 


Plane from where the ions 
are removed, (other ions are 
»§ not shown, visualize yourself) 


be 
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~ 


c. Since the lattice is fec (Z.¢= therefore, number of 
A ions = 4 (1 corner + 3 face centre) 
Number of B ions = Number of OVs = 4. 
(OVs are formed at body centre and edge centre). 
lons are removed from the plane (PQRS) as shown in the 
the figure. From the figure, it is clear, 4 corner ions and 
two edge centre ions on PQ and RS are also removed. 
Also two face centre ions lying on PR and QS along 
with one ion present in the body centre are removed as 


shown in the figure below. 


Face 
center 


Face 
center 


center 


Body center 
~ 4 A ions from corner and 2 A ions from face 
center (PR and QS are removed) 


© 2B ions from edge center (PQ and RS) and one 
ion from body center are removed 


+. Number of A ions removed 


1 1 
= 4x 3 (corner share) + 2 x a (face centre share) 


= TEMA 
2 2 


Number of B ions removed 


1 1 
=2x 4 (edge centre share) + A (body centre share) 


Number of A ions left = 4-1 5 =2.5 


Number of B ions left = 4-1 =25 


Thus, formula = A, B, ; = 2.5AB 
Simplest formula = AB 


In a solid having rock salt structure, if all the atoms touching 
one body diagonal plane are removed (except at body centre), 
then the formula of the left unit cell is 

b. A-B, 

d. A,B, 


a. A, sB 
c. AB, 


25 


Sol. a. NaCl (rock salt)-type structure is fcc type. 
(1. Z5 [Zay(Na?) = 4, Z (CIP) = 4] 
In NaC] structure anion (CI”) (here B”) are present at corners 
and face centre while cations (Na) (here A®) are present 
in all OVs (present at body centre and edge centre), 


-, Number of B® ions removed 


il 


lL. 
4x F (corner share) + 2 x 5 (face centre share) 


2 
A® a B® 
YS ~~ Face 
Edge ) center 
center 
\ =e Body center 
Fa ; A, ¥ (not removed) 
Le 
ZIN Edge 
Corner 


Face center center 


4 BE from corner and 2 B® from face center are removed 
© 2° from edge center are removed (body centered is 
not removed) 
| 


l 
Number of A® ions removed = 2 x r (edge centre share) = — 
2 


Note: Body centre AÊ ion is not removed. 


Number of B® ions left = 4-— 2 = 2 =25 
| @ - 1 7 S 
Number of A¥ ions left = sae ae aaa 


Thus, formula is: A, 5B, 5- 


Density of NaCl = 2.165 g cm 
Distance between Na® and Cl~ in NaCl = 281 pm 


d A unit cell of NaCl contains four NaCl units. 
a Zee = 4, Mw = 23 + 35.5 = 58.5, 


PN 


p = 2.165 g cm © (given) 

As distance between Na® and CI®° in NaCl = 281 pm 
<. Edge of the unit cell = 2 x 281 = 562 pm 
Substituting these values in the expression 

Zor X Mw 


e 


P55 30 
aè x N, x10™ 


(562 * Nyx 10" 
N, = 6.09 x 107° 


2.165 = 


CsCl has bee arrangement and its unit cell edge length § 


400 pm. Calculate the interionic distance in CsCl. 
Sol. | The bcc arrangement of CsCl is shown in the figure b 


The aim is to find half of the body diagonal AE. If the edge 0 
unit cell is a, then 


elo 
fth 


J 


F = 
Pa ie A 
ce a 

C i D 
saa ta = 

= J(V2a)’ ta’ =\3a 


3 x 400 


gs l 
”. Interionic distance = 2 AE 


3 x 200 = 346.4 pm 


A solid AB has CsCl-type structure. The edge length of the 
unit cell is 404 pm. Calculate the distance of closest approach 
between A® and B® ions. 


So The distance of closest approach is equal to the distance 
between the nearest neighbours (d). As CsCl has bcc lattice, 


3B -172 
2 2 


x 404 pm = 349.9 pm 


CsCl has cubic structure. Its density is 3.99 g cm”. What is the 
distance between Cs® and C1° ions? (Atomic mass of Cs = 133) 

‘Sel. CsCl has bec structure, so Z._-= 1 
Ze * Mw 


3 
á a x10 xN, 


Zett * Mw 
p” x10 x Na 
1 x (133 + 35.5) 
3.99 x 107° x 6.02 x 10” 


= 70.15 x 10° 
a=(70.15)' x 10? 
=4.12 x 10° pm = 412 pm 
Interionic distance = L = a x 412 = 356.8 pm 


The unit cube length for LiCl 
(NaCl structure) is 5.14 A. 
Assuming anion—anion contact, 


Calculate the ionic radius for 
chloride ion. 
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NSHP Interionic distance of LiCl 


2 
^ BC = JAB? + AC? = (2.57)? + (2.57)? =3.63 


Radius of C1? ion = 5 x 3.63 = 1.81 Å 


Cesium may be considered to form interpenetrating simple 
primitive cubic crystal. The edge length of unit cell is 412 pm. 
Determine 

a. The density of CsCl. 


b. The ionic radius of Cs® if the ionic radius of CI” is 
181 pm. Given: Aw (Cs) = 133 g mol’. 


‘Sol. | The interpenetrating simple primitive cubic crystals mean 

the unit cell is body-centred where C1? ions occupy comei pa 

Cs® ions occupy body centre of the cube. There is one Cs? 

and one CI® ion (or one molecule of CsCl) per unit cell. 

g Zoff x Aw 

From the expression, p = —;——— 

a xN, 

7 1 133.0 g mol ' 
(412x107? m}? | 6.023 x10” mol ' 

=0.4 x 10’ g m° = 4.0 g cm” 


Now since Cs® ions touch the two chlorides along the cross 
diagonal of the cube, we will have 


or t 2r = Ba 


orr, = ea a-Tr, -(8) (412 pm) — (181 pm) 


= 175.8 pm 


KCl crystallizes in same type of lattice as does NaCl. Given 
that 


Na? L 0.5 and X2 = 0.7 

r Te a 8 

Cl K 
Calculate (a) the ratio of side of the unit cell for KCI to that for 
NaCl, and (b) the ratio of density of NaCl to that of KCL. 


NaCl crystallizes in the face-centred cubic unit cell, such 


that 


; Lge 3 SA 
ry,® + Neyo al? 


where a is the edge length of unit cell. Now since 


Fa rao = 0.5 and ry.@ / rge = 0.7, we will have 
, l y 
‘mat “or = 1.5 ae +1=0.5+ I 
cr ES 
and dan s a med _ 9.5 
r 10 Feil. hin® Ir @ 0.7 


> 
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[Add 1 to both sides] 


hee tiae 12 1 
oe : 7 1.5 
Ma® t lo ` 
Qkcl /2 l 2 
ayac/2 07x15 
or “RCL — 12 21143 
ANacl l 05 
l Zo (Ae) 
Now since p = a Na 
3 
a M ) 
We will have Praci = (22) a 
Pxel anacı? MWgæcn 
58.5 
= (1.143 ea = 1.172 
( ) 74.5 


Lil occurs as cubical closed packing. If the edge length of unit 
cell is 624 pm, determine the ionic radii of Li and I° ions. 
“Sol. The cubical closed packing has a face-centred cubic unit 


cell. I“ ions occupy the corners and the face centres. These ions 
touch each other along the face diagonal of the cube. Hence 


_ a _ 624pm 
2/2 -2(1.414) 


Now along the edge, we will have 1° in Li?” arrangement, 


©. .Q. 
where I ions are at the corners and Li® ions at the centre 


of the edge (octahedral void). Since in closest packing, they 
touch each other, we will have 
are + 2r © =a 


ri = 


= 220.65 pm 


a _ 624 
Orem te= i - 220.65 pm =91.35 pm 


The composition of a sample of Wustite is Feo 930) oo: What 
percentage of the iron is present in the form of Fe (I1)? 


“Sol First method 
Oxidation number (ON) of Fe in Fey 4,0 
= 0.93 *X-2~%1)=05N=2115 
Oxidation number (ON) of Fe is an intermediate value of 
Fe“ and Fe” 
Let % of Fe’ = a 
Baa 5 igs: 15.05% 
100 = 
~. Percent of Fe** = 15.05 


% of Fe!?. 84.95 
Second method 


Let X atoms of Fe** ions are present in the compounds 

z Fe 9, (Number of Fe** ions + Number of Fe?” isi l 

Number of Fe~* ions = Total — Number of Fe** » 
= (0.93 — X) 


Fe?) =Total (nega 


ar su 2 3+) _ 
Total positive charge (i.e., on Fe t+ )= Total (nega, 
charge on oxygen 
2(0.93 —X) + 3X=2 > X= 0.14 
Percent of Fe?’ = 0.14/0.93 x 100 = 15.05 


CaBr orystallizes ina body-centred cubic unit lattice with an eq : 
length of 4.287 A. Calculate the angles at which the second-orde, 
reflection maxima may be expected for (2, 0, 0), (1, 1, 0), and 


(1, 1, 1) planes when X-rays of à = 0.50 A are used. 


=| 
st 


B For bec lattice, dago = 4/2 


a, 
So, for second-order reflection, 2A = 2 x 5 sin 8, 


2A 
or sin 8, = pa 


2 x 0.50 


Le sin 9, = 4.287 


and 8, = 13°29’ 
a 
diio= V2 


22 
So, 2A =2 x RA sin 0, = sin 0, = v2 : 


a 
sin 0, = v2 x 0.50 8, = 9°30’ 
4.284 j 

a a 2/32 

d= , So2A= 2x sin 8. > sin 0. = 
111 9.33 5.13 3 3 a 

a, 2x V3 x 0.50 
i.e., sin 8, = ——————""-. and 8. = 23°49’ 

3 4.287 an 0, 3 49 


1.24 HAUY’S LAW OF RATIONAL 
INDICES 


Hauy’s law states that the intercepts of any face of a crystal along 
the crystallographic axes are either equal to the unit intercepts (4 
b, c) or some simple whole number multiples of them, e.g., ™ 
n’b, n”c, etc., where, n,n’, n”, etc., are simple whole numbers 
Let OX, OY, and OZ represent the three crystallographic axes an 
let ABC be a unit plane. 


The unit intercepts will then be a, b, and c (Fig. 1.67). 
z g 


Fig. 
ig. 1.67 Intercept of crystallographic plane 
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According to the above law, the intercept of any faces such 
as KLM, on the same three axes will be simple whole number 
multiples of a, b, and c, respectively. As can be seen from the 
figure, the simple multiples of this case are 2, 2, and 3. 


1.24.1 WEISS INDICES 


The coefficients a, b, c, i.e., /, m, n are known as weiss indices of 
a plane. For example, for a crystal plane which cut through the 
crystal axes at (2a, 3b, c), the weiss indices are 2, 3, 1. 


1.24.2 MILLER INDICES 


Miller indices are a set of integers (h, k, /) which are used to 
describe a given plane in a crystal. The miller indices of a face of 
a crystal are inversely proportional to the intercepts of that face 
on various axes. 

Reciprocal of the weiss coefficients and multiplying through by 
the smallest number will express all the reciprocals as integers. 

The actual lattice in a crystal of a given kind consists of a 
repetition of a unit cell of that kind all over in three-dimensional 
space. As already mentioned, there can only be a maximum of 32 
elements of symmetry (point groups). Combining these with 14 
Bravais lattices there can be 230 different arrangements known 
as space groups. 


Calculate the miller indices of crystal planes which cut through 
the crystal axes at 
i. (2a, 35, c) 
iii. (6a, 3b, 3c) 


ii. (a, b, c) 
iv. (2a, —3b, —3c) 


“Sol Following the procedure given above, we prepare the 
tables as follows: 


i a b c i.a b c 
2 3 ] 1 1 1 
12 1⁄3 | 1 1 1 
3 2 6 l] 1 4 
Hence, the miller indices Hence, the miller indices are 
are (326). (111). 
ii. a b c iv. a b c 
6 3 3 2 3 -3 
1/6 1/3 1/3 1/2 -1/3 -1⁄3 
1 2 2 3 2 -2 
Hence, the miller indices Hence, the miller indices are 
are (122). (322). 


Ea SOPENA 
1.24.3 d-SPACINGS 
The distance between two parallel] planes in a cubic crystal 
(d-spacing) is given by 
d= z 
yk +P? +P 

where a is the length of the side of the cube and A, k, and / are 
miller indices of the parallel planes. 
For the planes (100), (110), and (111) in a cubic unit cell, 

a. sc [Fig. 1.68(a)] 


| a h 


100 =a 
VP +0? +07 


d= g a 
a4? V2 
a a 
d apes 
"H Pre vB 
l | | 
—:—;:— = 1:12:53 
dio dio dii 
dio: dg: diy = 1: 0.71 : 0.58 
b. fee [Fig 1.68(b)] 
dn 2 oan daa E E see 
200 * 220° “I > 2’ B 
at, E 4,42 
2 24/2 V3 V2 VB 
= ] : 0.707 : 1.154 
E ER qi 
A599 dz dii 2 
c. bee [Fig. 1.68(c)] 
aa a 
Ayn 2 diia 2 doaa = — I= 1 = 
200° “110° 222 9° 23 
-4.1.1 
242 W 
= ] : 1.404 : 0.577 
a>. 
(a) sc => 
dio = a do- 
ò —i—n F 
dz00 => 4220 “28 
ANN 
(c) bec => ? NIN, 
do => diro “FF 222 = = 


Fig. 1.68 Lattice plane separations for the cubic systems 


1.24.4 INTERPLANAR DISTANCES FOR CUBIC SYSTEM 
a. (100) planes: Distance between these planes is equal to the 
length a of the side of cube, i.e., dj 99 = 4. 
b. (200) planes: Distance between these planes is equal to the 
half length a/2 of the side of a cube, i.e., Ayo = a/2. 


c. (110) planes: Spacing between these planes is one-half of 
the diagonal of the square base of the cube, i.e., 
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drop = (Ya? +.a7)/2=a/ V2. 


d. (111) planes: The entire cross diagonal d of 
three (111) planes. Thus, the distance between the two of 


each of these planes is @/3. Now, 


d= Ja? +a? +a’ = 3a 
a 


a 
= diin = es = B 
. (222) planes: These planes are in between (111) planes. 
Thus. the distance between any two such planes is 


a cube spans 


t 
iv 


How do the spacings of the three planes 100, 110, and 111 of 


a 


(kh? +k? +17) 


a 


P ene 
100 a2 +0? +02) 

d= a oe 
oe arer we 


— 
— 


Thus, dio ‘digra a = 1: 0.707 : 0.577 


Eee ee z 

Potassium chloride crystallize with a body-centred cubic lattice. 
Calculate the distance between the 200, 110, and 222 planes. The 
length of the side of the unit cell is 5.34 A. 


— l _ 
(k? +k? +1") 


5.34 
For 200 plane d y = m= = 534 
= 2.6 
\(27+0?+07) v4 va 
5.34 
For 110 plane d S 5.34 
> 4110 See 9 
5.34 5.34 


For 222 plane, d, 


22 7 
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Diamond has face-centred cubic lattice. There are two atoms at 


0, 0, 0) and E 2 4) inates 
( ) an rr coordinates. The ratio of the carbon- 
carbon bond distance to the edge of the unit cel] is 


a f2 TE el 
16 4 "4 


l 
d. B 
V2 


aaa 
(Goi, a. Distance between (0, 0, 0) and ror =? 


a 3a 
= 2r= 
ar > _ ' 
— 4L = .|— , where 2r = bond distance 
a 16 


Which ofthe following statements is(are) correct for the diamond 
structure? 
a. Each atom has 4 nearest neighbours and 12 next nearest 
neighbours. 


. It is relatively empty. 
. The maximum proportion of the available volume which 


may be filled by hard spheres is only 0.34. 
d. The maximum proportion of the available volume which 
may be filled by hard spheres is only 0.46. 


j Atom (carbon) laying in the tetrahedral voids touches the 
surrounding 4 atoms at a distance of J3a/4 , and the face 


centre atom has 12 next nearest neighbours at a distance of 


ENZ. 


For PF, refer section 1.17. 


8 x 4 mR? 
The packing fraction (PF) = 2, 
a 
where 2R = Va R_N3 
4 a 8 
Hence, PF is: 2 3V3 | Ley 
3 \8x 64 16 


Consider the two-di j iini » : 
Fei. 0-dimensional “unit cell” shown in figure (aH) 


i (e) 
i. What are the mi — a 
Fig. (a)? iller indices of the line shown i? 
a. 1,1 b. 1,0 eoi 


(i M 
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c. The bar over | in the set of indices represents 


the miller indices of the line shown in V. 


" ne ty? _|, The 2 line divides the a axis into two equal 
a. l, 1 b. 1,0 c. 0, | d. 2, 2 segments and intersects the b axis at +. The line 
jii What are the miller indices of the line shown in from x = a/2 to y =— b/1 is shown in Fig. (e). 
Fig. (c)? 
a. 1, 1 b. 1,0 c. 0, 1 d. 2, 2 
iv. Which of the following sketches shows the 12 line in a The coordinates of three corners of an octahedral face onacub 
two-dimensional unit cell? teilla l 1 1 1) (o, i 1 ) and , L1, 1 ) PE Eg.. 
a. Figa b. Fig. c c. Fig. d d. Fig. e 2 2 3 2 
v. Which of the following sketches shows the (2, 1) line ina ELON z 
two-dimensional unit cell? t ae 
a. All figures b. Fig. d c. Fig e d. None Fi 7 
er ! 
‘Sol. i. a. The miller indices are a set of integers Akl that are | ae E E 


used to describe a given plane in a crystal. For this ! 
two-dimensional plane, only hk will be used. The 
procedure for determining the Miller indices for a 
plane is: 
(I) Prepare a table with the unit cell axes at the top 


of columns. wy ee e 


(II) Enter in each column the intercept (expressed x 
as a multiple of a, b or c) of the plane with that The inillenitidicésiofthis plane is 
oe Ob. a E A © ~ E G A, 
n A N A ai 2 kandi Sol. | a. The plane is shown in the figure above. The intercepts 
D with the axes are œ, 2b, and 2c. 
aiding. l Table for the figure shown above: 
a b |c | 
| z. Miller indices as 1, 1.. E |. 2 |2 | Intercepts 
0 W212 | Reciprocals 
|. 0 1 |l | Clear fractions 


ii. c. Table for Fig. (b) <. Miller indices are 0, 1, 1. 


Intercepts 
Reciprocals 


—— v. Miller indices as 0, 1. 


| BONGEPT APPLICATION EXERCISE 1.1 


Cex fractions 1. Acompound formed by elements X and Y crystallizes in 

the cubic structure when Y atoms are at the corners of the 
cube and X atoms are at the alternate faces. What is the 
formula of the compound? 


iii. d. Table for Fig. (c) 


Ai aes 2. Calculate the number of atoms in a cubic-based unit cell 
1/2 | Intercepts | . Miller indices as 2, 2. having one atom on each comer and two atoms one each 
2 | Reciprocals diagonal. | | 
2 | Clear trace = | 3. A compound made up of elements A and B crystallizes in 
— ee the cubic structures. Atoms A are present on the comers 


as well as face centres whereas atoms B are present on the 
edge centres as well as body centre. What is the formula 
of the compound? Draw the structure of its unit cell. 

4. Inan fcc arrangement of A and B atoms whose A atoms are | 


iv. c. The miller indices represent the number of equal 
segments into which each respective axis has been 
divided by the plane. For the 12th, line, the a-axis 


has been intersected at unity and the b-axis has been tthe ofi Soci aaa 

intersected into two equal segments. The line from ee ee eee bj - AOPA EER a sea 
a : centres, one of the A atom is missing from one comer in each 

a to y= —, shown in Fig. (d), is the 12th line. unit cell. What is the simplest formula of the compound? 
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~ 5, A solid AB has NaCl structure. 


10. 


11. 


12; 


13. 


. In a crystalline solid, anions B 


If the radius of the cation 
A is 100 pm, what is the radius of anion B? 
are arranged in cubic 


close packing, cations A are equally distributed between 


octahedral and tetrahedral voids, what is the formula of 


the solid? 


. In sapphire, oxide ions are arranged in hexagonal close 


packing and aluminium tons occupy two-thirds of the 
octahedral voids. What is the formula of sapphire? 


. The density of NH,Clis 1.534 g cm”. It crystallizes in the 


CsCl lattice. 

(a) Calculate the length of the edge of NH,CI unit cell. 

(b) Calculate the shortest distance between a NH Pi ion 
and a CIÔ ion. 

(c) Calculate the radius of NH,° ion if the radius of the 
CI° ion is 181 pm. 


. A solid A®B® has NaCl-type close-packed structure. If the 


radius of the cation is 90 pm, calculate the probable range 
of the radius of the anion. 


A solid A®B® has NaCl-type close-packed structure. If 
the anion has a radius of 250 pm, what should be the ideal 
radius for the cation? Can a cation C® having radius of 180 
pm be slipped into the tetrahedral site of the crystal A°B®? 
Give reason for your answer. 


In a close-packed structure of oxides, one-eighth of the 
tetrahedral holes is occupied by bivalent cations (A) and 
half of the octahedral holes are occupied by trivalent 
cations (B), calculate the molecular formula of the oxide. 


(a)MgO has the structure of NaC] and TIC] has the | 


structure of CsC]. What are the coordination numbers 
of the ions in MgO and TICI? 

(b)If the closed-packed cations in an XY-type solid have 
a radius of 73.2 pm, what would be the maximum and 
minimum sizes of the anions filling voids? 

(c) FeO, (haematite) forms ccp arrangement of O* ions 
with Fe“ ions occupying initerstitial positions. Predict 
whether Fe*” ions are in the OV or TV. Given 
re ~= 0.7 A and r02- = 1.4 Å. 

(d)A solid XY has CsCl-type structure. The edge length of 
the unit cell is 400 pm. Calculate the distance of closest 
approach between X® and Y° ions. 

Cadmium oxide crystallizes in NaCl type of crystal lattice. 

The compound is however usually non-stoichiometric with 

approximate formula CdO, g; The defect arises as some 

cationic positions are occupied by neutral Cd atoms instead 
of Cd” ions and equivalent numbers of anionic sites are 
vacant (Aw of Cd = 112.41 g mol '). 

a. What percentage of anionic sites is vacant? 

b. What is the density of non-stoichiometric solid 

(a = 470 pm)? 

c. Ifthe edge length of the unit cell is 470 pm, what would 

be the density of the perfect solid? 


14. Assume an fcc unit cell cube (edge length a) with OMe oy 
; soe , . i) 
its corners at the origin of cartesian coordinates, 


Find: . 
Z 
(0, 0, a) (a, a, a) 
(0, a, 0) 
X 
a. The coordinates of TVs nearest and farthest to the 
origin. 


b. The distance between two successive TVs 

c. The coordinates of OVs nearest and farthest to the 
origin 

d. The distance between two successive OVs, 


BAILE A OF a Se ANSWERS 
1 XY 2Z,.=9 3.AB 4 AB, 5.241 pm 
6. AB 7. ALO, 8. (a) 387pm (b) 335.1 pm (c) 154.157 


9. 123.3 to217.4pm 10. No 11. ABO, 
12. (a)i. CNofMg’*=6 ii.CN of TI? =8 
CN of O? =6 CN of CIP =8 

(b) 100 pm (min), 176.81 pm (max) (c) OVs (d) 346.4 pm 
13. (a)5% (b) 8.21 gem” (c) 8.26 g cm” 


a a 
14. (a) TV nearest = (2 -y 


a l8 i a | 
(c) OV nearest = fo > o} G 0, o} o 0, 7| 


‘ 
(d) OV farthest = [Eoaa}(aS.a}{ a a, — | 
l 2 2 2) 


1.25 POLYMORPHISM AND 
ALLOTROPY 


Many solids exist only in one single crystalline form. Howevet 
many solids occur in more than one modification. For example 
sodium chloride crystallizes as cubes. It can also be made © 
crystallize as octahedra. This occurrence of different crystal form’ 
of the same substance is called polymorphism. Sodium chlorid 
crystallizes as octahedra from an aqueous solution containing 
15% urea. Interconversions of polymorphs take place at a give? 
temperature. This is the transition temperature at the specifie 
pressure at which the transition is studied. Some transitions 2 
reversible, some are not, 


Zinc blende (ZnS) —1024°C _, Wurtzite (ZnS) 


Quartz (SiO,) 4 Tridymite (SiO,) == | 
| Cristobalite (SiO,) 
Polymorphism occurring in elements is commonly termed ” 
allotropy. Three types of allotropy are distinguished dependité 
on the method of transition from one to another: enantiotroP) 


monotropy, and dynamic allotropy. 


ba 


Solid State 1.57 


If one modification is interconvertible to another at a fixed 
temperature (transition temperature) under a specified pressure, 
then this type of allotropy is termed as enantiotropy. The system 
rhombic and monoclinic sulphur exemplify this case. At 96.6°C, 
rhombic sulphur is converted to monoclinic and vice versa. Above 
96.6°C, monoclinic sulphur is stable and below 96.6°C rhombic 
sulphur is stable. 


Monotropic systems are systems where one modification is 
unstable at all temperatures and is converted to the stable form. 
Qzone-oxygen, red phosphorus—yellow phosphorus are such cases. 


In dynamic allotropy, both forms exist side by side in equilibrium 
at all temperatures. A typical example of this case is À- and pu- 
sulphur. The proportion of the two forms at equilibrium depends 
on temperature. 


1.25.1 ISOMORPHISM AND ISOPOLYMORPHISM 
Many pairs of compounds of similar composition are found to 
crystallize in the same form. Some common examples are: 

e KH,PO LO and KH,AsO 4 H,O 

e K,SO, and K,Se0, 

e CuSO; 5H,O and CuSeO,'5H,O 

e K,S0,A1,(S0,);,:24H,O and K,SO,-Cr,(SO,),°24H,O 


The word “isomorphous” is applied to these substances. This 
may be stated as an equal number of atoms combined in the same 
way produce the same crystalline form. The crystalline form is 
independent of the chemical nature of the combined atoms. 


Isomorphism can be detected by the following criteria: 
a. Similarity of crystalline form 
b. Formation of mixed crystals 
c. Formation of overgrowth 


In case of polymorphic substances, if each of the two different 
forms of a polymorphic substance is isomorphous with a form of 
another polymorphic substance, then the phenomenon is termed 
as isopolymorphism. 


Law of isomorphism 


An isomorphic substance forms crystals which have the same shape 
and can grow in the saturated solution of each other. According 
to Mitscherlich, isomorphous substances have similar chemical 
constitution, i.e., they have the same number of atoms similarly 
arranged. Their formulae are, therefore, similar, for example, 
K,SO, and K,CrO, are isomorphous and so are ZnSO,°7H,O 
and MgSO,-7H,0. 
MnSO, shows three types of hydrated salts. 


Crystalline form 


crystallization 


Rhombic like vitriol -i 


Asymmetric and isomor- 
phous with CuSO0% 5H o 


Monosymmetric prism 


Which of the following compounds are not isomorphous? 
a. Copper sulphate and zinc sulphate 
b. Zinc sulphate and manganeous sulphate 
c. Calcium carbonate and ferrous sulphate 
d. Zinc sulphate and ferrous sulphate 
. CuSO,'5H,O and ZnSO,7H,0 are not ismorphous. 
Different moles of H,O. 
b. ZnSO, °7H,O and MnSO,°7H,0 are isomorphous, 
with 7H,O in both compounds. 
c. CaCO, and FeSO, ‘7H,0 are not isomorphous, 
since the moles of H,O are not same. 
d. ZnSO,:7H,O and FeSO,'7H,0 are isomorphous with same 


number of moles of H,O. 


Potassium selenate isomorphous with potassium sulphate and 
contains 50.0% of Se. The atomic weight of Se is 
a. 142 b. 71 c. 47.33 d. 284 


a. K,SO, and potassium selenate are isomorphous. So the 
formula is K,SeO,. 
Mw of K,SeO, = (39 x 2 + x + 64) 
= (142 + x)g 


“. (142 + x) of K,SeO, = x g of Se 


X 
100 g of K.SeO, = ———_ x 100 
BON (142 + x) 
x x 100 _ 
(142 + x) 


re 5 we or 
be Š tomem 


A ENA NE 


The Ew of an element is 13. It forms an acidic oxide which with 
KOH forms a salt isomorphous with K,SO,. The Aw of element is 


a. 13 b. 26 c. 52 d. 7 


v6) 


“Sol. d. MSO, and K,SO, are isomorphous. 
Thus, valency of S and M should be same = 6. 
"Aw = Ew x Valency 


= 13x 6=78. 


1.26 IMPERFECTIONS IN SOLIDS 


According to the Nernst law (third law of thermodynamics), true . 
crystals possess perfect order of arrangement of atoms only at 
0 K. But some deviation from complete order takes place with the 
increase in temperature. The presence of impurities also adds to 
imperfections in solids. These imperfections modify and impart 
new properties to the crystal. 


Any departure from perfectly ordered arrangement of atoms/ 
ions in a crystal is called imperfection or crystal defect. 


ee 


D. 
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There are three types of imperfections: 
"a. Electronic imperfections 
b. Atomic or point defects 


c. Line defects or dislocations 


1.26.1 ELECTRONIC IMPERFECTIONS 

Electrons in ionic (e.g., NaCl) or covalent (e.g., Si) crystals 
occupy the lowest energy level at 0 K (absolute zero). Above 
0 K, in pure Si or Ge, electrons are released from the covalent 
bonds. It leads to the presence of free electrons and electron- 
deficient bonds called holes, which are responsible for intrinsic 
conduction. These free electrons and holes in crystals are 
responsible for electronic imperfections. 


Note: 
a. The following new terms will be used in this section: 


i. Intrinsic conduction: Conduction which is caused in 
a crystal due to heating, leading to the formation of 
free electrons and holes, e.g., crystals of Si or Ge. 

ii. Hole: An electron-deficient bond formed by the 
release of an electron. 

iii. n: Concentration of electrons ( e) 

iv. p: Concentration of holes (A). 

b. Atoms in a solid vibrate like a simple harmonic oscillator. 
They have different modes of vibration. When transition 
takes place from a higher vibrational state to a lower 
vibrational state, a quantum of thermal energy is emitted. 
This quantum number of thermal energy is called phonon 
in analogy to photon for light energy. Absorption of 
phonons by a crystal can produce atomic displacement 
leading to imperfection. 


1.26.2 ATOMIC OR POINT DEFECTS 
Crystalline solids have short-range as well as long-range order 
in the arrangement of their constituent particles, yet crystals are 
not perfect. A solid consists of an aggregate of large number of 
small crystals. These small crystals have defects in them. This 
happens when crystallization process occurs at fast or moderate 
rate. Single crystals are formed when the process of crystallization 
occurs at extremely slow rate. Even these crystals are not free of 
defects. The defects are basically irregularities in the arrangement 
of constituent particles. One such defect is point defect. Point 
defects are irregularities or deviations from ideal arrangement 
around a point or an atom in a crystalline substance. Point defects 
are classified into three types: (a) stoichiometric defects, (b) non- 
stoichiometric defects, and (c) impurity defects. 


Stoichiometric Defects 

The point defects which do not disturb the stoichiometry of the 
solid are also called intrinsic or thermodynamic defects. Shown 
by non-ionic compounds, stoichiometric defects are of two types: 
vacancy defects and interstitial defects. 


Vacancy defect 
When some of the lattice sites are.vacant, the crystal is said to 


have vacancy defect (Fig. 1.69). This results in a decrease in the 


density of the substance. This defect can also develop Wher, 
substance is heated. 4 


Fig. 1.69 Vacancy defects 


Interstitial defect | 
When some constituent particles (atoms or molecules) occupy 
an interstitial site, the crystal is said to have interstitial defect, 
(Fig. 1.70). This defect increases the density of the substance. An, 
important factor in determining the formation of interstitial defect 
is the size of the atom (or ion) because they are accommodated 


into the void. 


Interstial 
site 


Fig. 1.70 Interstitial defects 


Vacancy and interstitial defects as explained above can be shown 
by non-ionic solids. Ionic solids must always maintain electrical 
neutrality. Rather than simple vacancy or interstitial defects, they 
show defects such as Frenkel and Schottky defects. 


Schottky defect 

In ionic crystals of the type A® Be, equal number of anions and 
cations are missing from the lattice sites so that electrical neutrality is 
maintained. This type of defect is called Schottky defect (Fig. 1.71). 


A® —— pe A® Be & 
Be Be AS | Bo 
Missing Tr | | 
A®:__{ pO a x& 
Missing B® | 
> 
(Bo) —_ E mI Ae i B°) 


Fig. 1.71 Schottky defects 


This type of defect is shown by highly ionic compounds whioh 
have high coordination number and cations and anions of simil% | 
sizes. For example, KCI, NaCl, AgBr, KBr, and CsCl. 


N 


Sh 


iil! 


‘ pffec!s of Schottky defect 

a. As the number of ions decreases and volume remains same, 
so the density decreases. 

b. Crystals with Schottky defect conduct electricity to a small 
extent. This is because if an ion moves from its lattice site 
to occupy a “hole,” it creates a new “hole.” In this way, a 
hole moves across the crystal which as a result moves the 
charge in the opposite direction. 

c. Due to the presence of holes, the stability (or lattice energy) 
of the crystal decreases. 


Frenkel defect 

if an ion is missing from its lattice site (causing a vacancy ora 
hole there) and occupies an interstitial site so that the electrical 
neutrality as well as stoichiometry ofthe compound are maintained, 
this type of defect is called Frenkel defect (Fig. 1.72). Since the 
size of cations is generally smaller, it is more likely that cations 
occupy interstitial sites. 


Interstitial 
site ; 
& Be ae 1 Na Be A 
Be x Be 
x Be x Be Æ 
Be x Be Æ Be 


Fig. 1.72 Frenkel defect 


Effects of Frenkel defect 
i. This type of defect is present in those compounds which 
have low coordination number. 


ii. Large difference in size of anion and cation, e.g., AgCI, 
AgBr, Agl, and ZnS. 


iii. Solids with this defect conduct electricity to a small extent. 
iv. The dielectric constant of the crystal increases. 

v. The density of the solid is unchanged. 

vi Due to the presence of holes, the stability of the crystal decreases. 

Note: 

a. The above two defects are intrinsic defects, or thermodynamic 
defects. The number of defects increases with the increase in 
temperature, so are called thermodynamic defects. They are 
also called intrinsic defects because deviation from regular 
arrangement of atoms or ions occurs within the crystal and 
no external substance is added. 

b. AgBr is a compound in which both Schottky and Frenkel 
defects are found because AgBr is highly ionic but there is 
a great difference in the size of Ag” and Br”. 


Calculation of number of Schottky/Frenkel defects 
a. The number (n) of Schottky defects present in an ionic 


crystal containing N ions at temperature T is given by: 
n= Ne =/24T, 
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where E is the energy required to create these n Schottky 
defects and K is the Boltzmann constant = R/N, 
= 1.38 x 10% J K” 
b. The number (n) of Frenkel defects in an ionic crystal 
containing N ions and N, is the number of interstitial sites 


at a temperature T is given by: 
l 


n= (N/N;)? e PI2KT 

(where £ is the energy required to create n F renkel defects. 
Knowing the value of £, the fraction n/N can be calculated, 
e.g., for NaCl at 1000 K, the energies of formation of these 
defects (i.e., Schottky and Frenkel, respectively) are 2 eV 
and 3 eV, respectively (1 eV = 1.602 ~ 1 J). AgBr has 
both Schottky and Frenkel defects. Both defects increase 
exponentially with increase in temperature. 

In NaCl, there are 10°” ions and 10° Schottky pairs/cm at 
room temperature, i.e., there is one Schottky pair defect per 
10'° ions. 


c. The fraction of the surface of a crystal vacancies is given 
by 
n _ EIRT 
— =e 
N 
Table 1.13 Difference between Schottky and Frenkel defects 
Schottky defect | Frenkel defect | 


1. | Itis due to equal number of |1. 
cations and anions missing | 
from the lattice sites. | 


| It is due to the missing of 
ions (usually cations) from 
the lattice sites and these 
| occupy the interstitial sites. 


in highly ionic compounds | 
with high coordination | 
number and having cations | 
and anions of similar sizes, | 


2. | This results inthe decrease 2. It has no effect on the 
| in the density of crystal. density of crystal. 
3. | This type ofdefectis found | 3. This type of defect is 


found in crystal where 


the differnce in the size of 
cations and anions is very 
large, e.g., AgCl, AgBr, 


e.g., NaCl, CsCl, etc. ZnS, etc. 


| 


Non-Stoichiometric Defects 
If an imperfection causes the ratio of cations and anions to become 
different from that indicated by the ideal chemical formula, the 
defect is called non-stoichiometric. Non-stoichiometne defects 
occurs as follows: 
a. Metal excess defects 
b. Metal deficiency detects 
Metal excess defects 
Metal excess defect may occur in either of the following two ways: 
a. By anion vacancies or F-centre 
A negative ion may be missing from its lattice site, 
leaving a hole, which is occupied by an electron thereby 
maintaining an electrical balance. The trapped electrons 
are called F-centres (from the German word Farbenzenter 
for colour centres) because they are responsible for 
imparting colour to the crystal Fig. 1.73. This defect is 


similar to Schottky defect and is found in crystals having 
Schottky defects. 
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e; NaCl when heated in Na vapour atmosphere, the 


Metal deficiency defects 


This defect occurs when me ) | : 
from its lattice site and pre 


tals show variable valency, | d 
M 


l 
Sence, 


Exampl PE 
. EE p CEA S ` ) 
excess Na atom deposit on the surface. Now Cl diffuse K vec Gi 
artace where they combine with Na atoms which lose due to the missing © aca | 
eee i { siles ‘on with higher charge (c.g., +2 instead of +1) in the adin | 
` we 7 Mean ` ) ` S g ` By o ` a 
the electrons. The electrons diffuse into the vacant eh a cation hg adja, 
created. The electrons absorb some energy from the visible site (Fig. 1.75). 
light and re-emit the complimentary yellow colour to Nal | r » A 
crvstal. Excess of Li in LiCl gives a pink colour, Excess of nO 
K in KCI make it violet. 
te à ` 
7E (+> a 4 (+ : 
~ ~ > z » ne E r Re ee: hi 
- Q QA Missing of cation A 
Pa 
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Fig. 1.73 An F-centre in a crystal 


b. By the presence of extra cations in interstitial sites 

Extra cations occupying interstitial sites with electrons 
present in another interstitial site to maintain electrical 
neutrality causes metal excess defects (Fig. 1.74). This 
defect is similar to Frenkel defect and is formed in crystals 


having Frenkel defects. 


B® Be 


& A® 


Na 


Be 


A 


B® Na 


B9 


B® A2 


Fig. 1.74 Metal excess defect caused by extra cation in interstitial position 


Example: If ZnO is heated, it loses oxygen and turns yellow. 


; ] 
Zn” T z% + 2e 


ficiency defect due to the missing of a cation 


Fig. 1.75 Metal de 
d presence of a cation of higher valency 


valency an 

There are many solid 
stoichiometric compos 
as compared to the st 


s which are difficult to prepare in th 
ition and contain less amount of the mer, 


oichiometric proportion. For example, Fy 


is found with a composition of Fe, 450. It ranges from Fe, .. 


to Feo 9¢ 
and the loss 
the required number of Fe ions. 

Example: Transition elements, FeO, FeS, and NiO. 


Impurity Defects 


O. In the crystals of FeO, some Fe’ cations are missin 
of positive charge is made up with the presence 


These defects arise when foreign atoms are present at the lame 
sites (in place of host atoms) or at the vacant interstitial sites. Tz 
formation of former depends upon the electronic structure of tt 
impurity while that of the latter on the size of the impunity. 


Introducing impurity defect in covalent solids 


Group 13 elements such as Ga and Al and Group 15 elements te 


as P and As can enter the crystal structure of Group l+ 
Ge or Si substitutionally. 


element! 


Group 15 elements have one excess valence electrons * 
compared to Group 14 elements (Si or Ge). Therefore. 2% 
forming four covalent bonds, one electron remains in excess * fue 


ZnO 
. | gives rise to electrical conductio 
Now there is excess of Zn?” in the crystal and its for . eval 
e in the crystal and its formula Group 13 elements have one valence electron less com ared' 
alles mag o alence electron less compas™" c 
7 o 190 jroup 14 elements leading to electron-deficient bond or a b0% ¢ 
e excess Zn~ ions thus formed get trapped into the Such holes can move across the crystal giving rise to electri 
conductivity. 
G 


vacant interstitial sites while electrons are entrapped in the 
neighbouring interstitial sites these entrapped electrons 
increase the electrical conductivity of ZnO and turn yellow 
On cooling, they again turn into white due to the reverie 
reaction as shown above. 


Group-14 elements doped with Group 15 elements are calle 


n-type semiconductors, where the symbol » indicating 


negati“ 


charge which flows in them. Group 14 elements doped wit 
La ‘afo ` a ora re ` ` 
group 13 elements are called p-type semiconductors, the symb? 


p indicating positive hole movement. 


Introducing impurity defect in ionic solids 


Note: Crystals with either type of metal excess defect act as 
semiconductors. ği 


In case of ionic soli . “al 
: nic solids n EEO . di 
panty oF oa the impurities are introduced by ad 4 | 
s. If the impurity ions are in a different 0X1 an 


tate from that of the host ions, vacancies are created (Fig- © 


ro 


i dih; 


mpurit y ce 6232—03 
of Se | 
cle Dan 
yaceancy 7 
ole Oke 


X 


Fig. 1.76 Impurity defect 


example: If molten NaCl, containing a little of SrCl, as 
impurity, 1S allowed to cool, in the crystals of NaCl formed, at some 
lattice sites Na ions are substituted by Sr” ions. For every Sr”, 
thus introduced, two Na® ions are removed to maintain electrical 
neutrality, one of these lattice sites is occupied by Sr?" ion and the 
other remains vacant. These vacancies result in the higher electrical 
conductivity of the solid. 


1.26.3 LINE DEFECTS OR DISLOCATIONS 


in addition to the point defects, many solids especially metals 
possess line defects or also called dislocations. The two important 
types of linear defects are edge dislocation and screw dislocation. 
Both result from the improper orientation of planes with respect 
to one another in the crystal. 

An edge dislocation [Fig. 1.77(a)] is named so because due to 
his defect this edge of an atomic plane terminates within the crystal 
instead of passing all the way through. 


<A 


(a) (b) 
Fig. 1.77 (a) Edge dislocation and (b) screw dislocation 
The screw dislocation [Fig. 1.77(b)] is so called because due 
to this defect, parallel atomic planes perpendicular to the axis are 


uae into a kind of helical ramp (during the formation of the 
rystal). 


The linear defect or dislocation reduces the strength of the metal 
ae Even the chemical reactions that occur at the surface 
€ crystal tend to occur at the site of dislocations. 


ag. RHR PAI th BE all 
If : j f7 ; Ei — EA 
NaCl is doped with 10 ? mol% SrCl,, what is the concentration 


‘ , : 
f the cation vacancies? 


ery 
o D 


mr z Doping of NaCl with 107 mol % SrCl, means that 100 
of NaCl are doped with 10° mol of SrCl,. 


. -2 
“1 mol of NaCl is doped with SrCl, = To = 10“ mol 


PRANS F Ris 
LLL 


If NaCl is doped with 10 ! mol% GaCl,, what is the concentration 


NS N NP . 


i RIRS 
OANT EAN 


SOUU oLak = — oo 


As each Sr?" ion introduces one cation vacancy, therefore, 
the concentration of cation vacancies 


- 10“ mol/mol of NaCl 
— 10 x 6.023 * 107 mol | 
= (4,02 x to!” mol 


a 


oa ea 
Ss TRATION: 


1.60 


of the cation vacancies? 


Tol. | 100 mol of NaCl are doped with 10 3 mol of GaCl,. 


i ere i 5 
+ | mol of NaCl is doped with GaCl, = T00 = 10° mol 


po . . D 
As one Ga?’ ion is introduced, three Na? have to be removed 
to maintain the electrical neutrality. So as one vacancy iS 
filled by Ga", two cation vacancies are formed. 


+ Concentration of cation vacancy 


=2 x 10% mol/mol of NaCl 
-2 x 10% x 6.023 x 107 mol | 
= 12.046 x 107! mol! 

= 1.2046 x 10°"? mol! 


RUA 


If all th toms touching one face plane are removed in solid 
A®B® having rock salt type structure, then the formula of 
the compound left and the defect brought by this removal, 


respectively, is 


a. AB, Frenkel defect b. A,B, Frenkel defect 
c. AB, Schottky defect d. A,B, Schottky defect 


Removed atoms from one of the face 


Number of B® ions = 4 
(Corner + face centre = | + 3 = 4) 
Number of A® ions = 4 
[in OV formed at body centre 
+ edge centre = 1+ 3 = 4] 


sam a 
Number of B® ions removed 


— l 
= 4 corner X 7 per corner share 
+ | face centre l 
ace centre x J per face centre share 


4 l 
8 2 
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Number of B® left =4-1=3 
Number of A® ions removed 


4 
l ~ ch a] = a = 
= 4 edge centre X 1 per edge centre share í | 


Number of A® ions lel =4-1=3 
Thus, formula = A,B, = 3AB. 

ii. As atoms (or ions) are completely removed. 
Hence. the defect in the crystal is Schottky type. 


The addition of CaCl, crystal to a KCI crystal 
a. Lowers the density of the KCI crystal 
b. Raises the density of the KCI crystal 
c. Does not affect the density of the KCI crystal 
d. Increases the Frenkel defects of the KCI crystal 


BSG a. One C a> lets two K® leave the crystal to maintain the 


electrical neutrality of the compound. 
The mass of two KÊ is greater than the mass of Ca". Hence, 


density decreases. 


What fraction of the surface of a crystal of Cd at T= 298 K 
consists of vacancies? Assume that the energy needed to form a 
vacancy = 0.5. For Cd(s), A. „H9 = 112.0 kJ mol. 


sub 


OSG) The number of vacancies (or Schottky defects) (7) is given by. 


n 7 
Zog ORT 

N 

But fraction of the surface of a crystal vacancy is given by 


» -=E 
n = Ne? or 


n _ EIT 
N | ~(0.5)(112.0 x 10° J mol! EET 
2 oo x 

XP | (8314) K~ mol) (298K) | 21>“! 


Calcium crystallizes in fcc unit cell with 0.556 nm. Calculate 
the density if 
a. It contains 0.2% Frenkel defects 
b. It contains 0.1% Schottky defects 
Sol 
a. Frenkel defects do not change the value of the theoretical 
density because the alom is occupying an interstitial 


position instead of a lattice position. 
b. Z,,,0f Ca 4 atoms/unit cell (since it is fec type ) 


Since there are 0.1% Schottky defects, 
0.) 


So Zan (4 14) = 3.996 
© 100 


Zg < Aw 
-p= ET. ( inm=10°m= 10 ‘em) 
A aii 


(3.996) x 40 g 
SS an a a 
(6 x 107° mol ') (0.556 nm x 107cm} 


1.547 g cm” 


aeae, a 


1.27 ELECTRICAL PROPERTIES OF 
SOLIDS 
Solids exhibit various range of electrical conductivities, extend), 


over 27 orders of magnitude ranging from 107° to | 0’ ohm 
m |. Solids are classified into three types on the basis of the 
conductivities. 

a. Conductors: The solids with conductivities rangi 
between 104 and 10’ ohm! m™ are called conducto 
Metals having conductivities in the order of 107 ohm 

' are good conductors. 


m 
b. Insulators: These are the solids with very low conductiviy, 
ranging between 10” and 10" ohm! m”. 


c. Semiconductors: These are the solids with conductivitis 
in the intermediate range from 10° to 10* ohm! m! 


1.27.1 CONDUCTION OF ELECTRICITY IN METALs 


Metallic conductors conduct electricity through the movements 
electrons. Electrolytes conduct electricity through the movema 
of ions. 

Metals conduct electricity in solid as well in as molten stat 
The conductivity of metals depends upon the number of valen 
electrons available per atom. The atomic orbitals of metal atom 
form molecular orbitals which are so close in energy to each othe 
as to form a band. If this band is partially filled or it overlaps wz 
a higher energy unoccupied conduction band, then electrons = 
flow easily under an applied electric field and the metal show 
conductivity [Fig. 1.78(a)]. 

If the gap between filled valence band and the next big 
unoccupied band (conduction band) is large, electrons cannot jum 
to it and such a substance has very small conductivity. It bebave 
as an insulator [Fig. 1.78(b)]. 


Conduction band 


Forbidden zone 
(Large energy gap) 
al p 
5 s = Filled 
S te band 
$ | 
Partially Overlapping 
filled bands 
band 
Metal Insulator Semiconduc™ 
(a) (b) (c) 


Fig. 1.78 Distinction among (a) metals, (b) insulators, and (c) semi- 
conductors, In each case, an unshaded area represents a conduction 


an appropriate 


ny silicon or 8E 
| in them. 


 yalence 
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“57.2 CONDUCTION OF ELECTRICITY IN 


SEMICONDUCTORS 

of semiconductors, the gap between the valence band and 
ae band is small [Fig. 1.78(c)]. Therefore, some electrons 
ondu? to conduction band and show some conductivity. The 
may jun conductivity of semiconductors increases with rise in 
jectric ture, since more electrons can jump to the conduction 
h as silicon and germanium show this 


ba "of behaviour and are called intrinsic semiconductors. 


The cond 
to be of practi 


doping: Dop ing ca 
or electron deficient as compared to the intrinsic semiconductor 


rmanium. Such impurities introduce electronic defects 


1.27.3 ELECTRON-RICH IMPURITIES 


| si and Ge belong to Group 14 of the periodic table and have four 


electrons each. In their crystals each atom forms four 
covalent bonds with its neighbours [Fig. 1.79(a)]. When doped with 
a group 15 element such as P or As, which contains five valence 


| electrons, they occupy some of the lattice sites in Si or Ge crystal 
(Fig. 1.79(b)]. Four out of five electrons are used in the formation 


of four covalent bonds with the four neighbouring Si atoms. The 
fifth electron is extra and becomes delocalized. These delegalized 
electrons increase the conductivity of doped Si (or germanium). 


| Here the increase in conductivity is due to the negatively charged 


electron, hence silicon doped with electron-rich impurity is called 
n-type semiconductor [Fig. | .80(a)]. 


Mobile electron 
Silicon atom 


Perfect crystal 


n-type crystal 
(a) (b) 


Positive hole (no electron) 


p-type crystal 
Fig. 1.79 i 
- 1.79 Creation of n-type and p-type semiconductors 
by doping Group 13 and 15 elements 


EFICIT IMPURITIES 

ed with a group 13 element such as B, 
ly three valence electrons. The place 
s called electron hole 


from a neighbouring 
doing so it would 


1.27.4 ELECTRON-D 


Si and Ge can also be dop 
Al or Ga which contains on ee valence 
where the fourth valence electron is missing 1 
or electron vacancy [Fig. 1 79(c)]. An electron ! 
atom can come and fill the electron hole, but in 


leave an electron hole at its original position. 
If it happens it would appear as if the electron hole has moved 


in the direction opposite to that of the electron that filled it. Under 
the influence of electric field, electrons would move towards the 
positively charged plate through electronic holes, but 1t would 
appear as if electron holes are positively charged and are moving 
towards negatively charged plate. This type of semiconductors are 
called p-type semiconductors [Fig. 1.80(b)]. 


(a) (b) 
Fig. 1.80 (a) n-type semiconductor and (b) p-type semiconductor 


1.27.5 APPLICATIONS OF N-TYPE AND P-TYPE 
SEMICONDUCTORS 
Various combinations of n-type and p-type semiconductors are 
used for making electronic components. Diode is a combination 
of n-type and p-type semiconductors and is used as a rectifier. 
Transistors are made by sandwiching a layer of one type 
of semiconductor between two layers of the other type of 
semiconductor. npn and pnp type of transistors are used to detect 
or amplify radio or audio signals. The solar cell is an efficient 
photo-diode used for the conversion of light energy into electrical 
energy. 

Ge and. Si are Group 14 elements and, therefore, have a 
characteristic valency of 4 and form four bonds as in diamond. 
A large variety of solid state materials has been prepared by 
combination of Groups 13 and 15 or 12 and 16 to simulate average 
valency of 4 as in Ge or Si. Typical compounds of Groups 13-15 
are InSb, AIP, and GaAs. Gallium arsenide (GaAs) semiconductors 
have very fast response and have revolutionized the design of 
semiconductor devices. ZnS, CdS, CdSe, and HgTe are examples 
of Groups 12-16 compounds. In these compounds, the bonds 
are not perfectly covalent and the ionic character depends on the 
electronegativities of the two elements. 

Transition metal oxides show marked differences in electrical 
properties. TiO, CrO,, and ReO, behave like metals. Rhenium 
oxide, ReO,, is like metallic copper in its conductivity and 
appearance. Certain other oxides such as VO, VO,, VO,, and 


TiO, show metallic or 1 i ; . 
3 insulating properties depe 
temperature. ý pending on 


1.28 MAGNETIC PROPERTIES OF 
SOLIDS 


Every substance has some magnetic properties associated with 
it. The origin of these properties lies in the electrons. E th 
electron in an atom behaves like a tiny magnet. Its ma cm 

moment originates from two types of motion (a) its orbital 


N 


A 


around its own axis 


otion around the nucl . ae 
81). Electron being 4 charged particle and undergoing 
idered as a small loop of current 


(Fig. | 
these motions can be consi 
atic moment. Thus, each electron has 
ent associated 


which possesses 4 magne | 
a permanent spin and an orbital magnetic mom 
with it. Magnitude of this magnetic moment is very small and 
d in the unit called Bohr magneton, Hg: It is equal to 
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m eus and (b) its spin 


is measure 
-24 2 
9.27 x 107 An. 


Magnetic 
moment 


Magnetic 
moment 


_ Electron 


Electron wee, 

Atomic —< Direction 
nucleus of spin 
Fig. 1.81 The magn 

(a) an orbiting electro 


etic moment associated with 

n and (b) a spinning electron 

the spin magnetic moment is tH, 
f the spin). The contribution 
Hp Where m, is the 


For each electron in an atom, 
(depending upon two possibilities 0 
of the orbital magnetic moment is equal to m 


quantum number of the electron. 
aving completely filled electron 


pable of being permanently 
the noble gases (such as He, 


magnetic 

Solids composed of atoms h 
shells or subshells are not ca 
magnetized. This category includes 
Ne. Ar, etc.) as well as some ionic materials. 

Solid materials are classified in different categories of magnetic 
materials based on the response of electron and atomic magnetic 
dipoles on application of an external applied magnetic field. 
Magnetic dipoles which may exist in a material can be considered 
analogous to electric dipoles. Magnetic dipoles may be thought of 
as small bar magnets composed of north and south poles instead of 
positive and negative electric charges. In our present discussion, 
magnetic dipole moment will be represented by arrows as shown 


in Figs. 1.82(a) and ].82(b). 


[NA 


Fig. 1.22 (a) Magnetic moment as designated by an arrow and (b) ina 
paramagnetic substance 
On the basis of their magnetic properties, substances can be 
classified into five categories: (a) paramagnetic (b) diamagnetic 
(c) ferromagnetic, (d) antiferromagnetic, and (c) ferrimagnetic ' 


1.28.1 PARAMAGNETISM 

Paramagnetic substances are weakly attracted by a magnetic 
field. They are magnetized in a magnetic field in ean M 
direction and lose their magnetism in the absence of mi nalle 
field. Paramagnetism is due to presence of one or more eres 
electrons which are attracted by the magnetic field. For Rah 


small regions called domains. 


Oy Cu", Fe’, Cr: 


1.28.2 DIAMAGNETISM 
tances are weakly repelled by magnetic fig, 
H, are some examples of such substances, Th 
d in a magnetic field in opposite directiy 
by those substances in which all 4 
o unpaired electrons. Pairi 


ts and they lose th, 


Diamagnetic subs 
H,O, NaCl, and C6 
are weakly magnetize 
Diamagnetism is shown 
electrons are paired and there are n 
of electrons cancels their magnetic momen 


magnetic character. 


1.28.3 FERROMAGNETISM 
s such as Fe, Co, Ni, Gd, and CrO, are attract 


tic field. Such substances are call 
Besides strong attractions, the, 
tly magnetized. In solid state, 
bstances are grouped together in 
Thus, each domain acts as a tir 
magnet. In an unmagnetized piece of a ferromagnetic substan, 
the domains are randomly oriented and their magnetic momen 
get cancelled. When the substance is placed ina magnetic field: 
the domains get oriented in the direction of the magnetic field [Fy 
1.83(a)] and a strong magnetic effect is produced. This orderin 
of domains persists even when the magnetic field is removed a 
the ferromagnetic substance becomes a permanent magnet. 


A few substance 
very strongly by a magne 
ferromagnetic substances. 
substances can be permanen 
metal ions of ferromagnetic su 


1.28.4 ANTIFERROMAGNETISM 
Substances such as MnO showing anti-ferromagnetism ha 
domain structure similar to ferromagnetic substance, but the 
domains are oppositely oriented and cancel out each other 


magnetic moment [Fig. 1.83(b)]. 


1.28.5 FERRIMAGNETISM 

Ferrimagnetism is observed when the magnetic moment! 
the domains in the substance are aligned in parallel and am 
parallel directions in unequal numbers [Fig.1.83(c)]- They 4 
weakly attracted by magnetic field as compared to ferromagné 
substances. Fe,O, (magnetite) and ferrites such as MgFe,0,2 
ZnFe,O, are examples of such substances. These substances a 
lose ferrimagnetism on heating and become paramagnetic. 


“~OOOOOO 
“OOOOOW 
‘OOOOOW 


Fig. 1. 
g. 1.83 es alignment of magnetic moments in (a) ferromagn” 
) antiferromagnetic, and (c) ferrimagnetic substances 


Note: All magnetically ordered solids (fi eti 
antiferromagnetic, and ferrimagnetic solid acne: | 
paramagnetic state at high temperature due iiei d smizati 
= spas Ferrimagnetic material Fe,O, becomes nana 
: ja it ee observed that ferromagnetic substances ha" 
f cteristic temperature above which no ferr etis®" 
observed. This is known as Curie temperature —— 


~ 
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99 DIELECTRIC PROPERTIES OF 
“ SOLIDS 


. sulators, electrons are closely bound to individual atoms or 
In 10° d they do not generally migrate under an applied electric 
ions ee dipoles are created by a shift in charges, resulting 
fel ization. Besides that there may also be permanent dipoles 
m P crystal. Following situations may arise: 

" a. These dipoles may align themselves in an ordered manner 


such that there is a net dipole moment in the crystal, 


b. These dipoles may align themselves in a manner such that 
dipole moments may cancel each other. 

c. There are no dipoles in the crystals, but only ions are present. 

The crystals where situation (a) 1s found, exhibit piezoelectricity 

or pressure electricity. When such a crystal is deformed by 

mechanical stress electricity is produced due to the displacement 

of ion or if an electric field is applied to the crystal, there will be 


atomic displacement causing mechanical strain. The piezoelectric 
effect is demonstrated in Fig. 1.84. 


Piezoelectric crystals are utilized in transducers devices, 
that convert electrical energy into mechanical strains or vice 
versa. Familiar applications that employ piezoelectrics include 
phonograph pickups, microphones, ultrasonic generators, strain 
gauges, and sonar detectors. 

Piezoelectric materials include titanates of barium and lead, 
lead ziroconate (PbZrO,), ammonium dihydrogen phosphate 
(NH,H,PO,), and quartz. Some of the piezoelectric crystals when 
heated produce small electric potential or pyroelectricity. 


In some of the piezoelectric crystals, the dipoles are permanently 
lined up (spontaneously polarized) even in the absence of an 
electric field, and the direction of polarization can be changed by 
applying an electric field. The phenomenon is called ferroelectricity 
by analogy with ferromagnetism. 

Barium titanate (BaTiO,), sodium potassium tartrate (Rochelle 
salt), and potassium dihydrogen phosphate (KH,PO,) are 
ferroelectric solids. If the dipoles align along alternate directions, 
there will be no net dipole moment and the crystal is said 
to be antiferroelectric. Lead zirconate (PbZrO,) is a typical 


antiferroelectric solid. 
pP} 
[F++tttt+++++] 


Ee aw a | 
(a) a ie 


Fig. 1.84 (a) Dipoles within a piezoelectric material. (b) A voltage is 
generated when the material is subjected to a compressive stress (p) 


1, 
29.1 SUMMARIZATION OF DIELECTRIC 
PROPERTIES OF POLAR CRYSTALS 


S 
i pgo do not conduct electricity because the electrons present 
em are held tightly to the individual atoms or ions and are not 
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free to move. However when electric field is applied, ed | 
takes place because the nucleus is attracted toward cathode anc 
electron cloud toward anode as shown in Fig. 1.85. 


Electron 


l cloud 
Electron 


cloud 


iv; pD Lf | 

A bep 

Nucleus Nucleus 
(h) After electric field 


is applied 


(a) Before electric 
ficld is applicd 


Fig. 1.85 These formed dipoles may align themselves in an ordered 

manner so that the crystal has a net dipole moment 

Such polar crystals show following electrical properties: 

a. Piezoelectricity: When these crystals are subjected 
to mechanical stress, electricity is produced due to 
displacement of ions. The electricity thus produced is called 
piezoelectricity and the crystals are called piezoelectric 
crystals. But if an electric field is applied to these crystals, 
there will be atomic displacement causing mechanical strain. 
Pyroelectricity: Some polar crystals when heated produce 
a small current or pyroelectricity. 

c. Ferroelectricity: In some piezoelectric crystals, the dipoles 
are permanently lined up even in the absence of an electric 
field. However, on applying electric field the direction 

of polarization changes, e.g., BaTiO}, sodium potassium 
tartrate (Rochelle salt). 


= 


Note: All ferroelectric solids are piezoelectric, but the reverse 
is not true. 


d. Antiferroelectricity: If there is no net dipole moment it is 
said to be an antiferroelectric crystal. This is because the 
dipoles are alternately arranged. For example, lead zirconate 
(PbZrO,). 

e. Superconductivity: When the electrical resistance of 
materials becomes almost zero, the material becomes 
superconductor. The temperature at which the material 
shows superconductivity is called transition temperature, 
e.g., YBa,Cu,O, at 90 K. 


Table 1.14 Examples of some common magnetic and 


dielectric substance. 

N,, NaCl, Zn, Cd, Cu, TiO, 

Transition metals (Cr, Mn, Ni, Co Fe) 
metal ions (Cur, Ni”, Fe*"), metal oxides | 
(CuO, VO,), molecules (NO and O,) | 


Ni, Fe, Co, CrO, | 
MnO, Mn,O,, MnO, | 


m | 


Type of substance | Examples 


Diamagnetic 


Paramagnetic 


Ferromagnetic 


Antiferromagnetic 


Ferrimagnetic Fe,O, and pyrites 


Ferroelectric and 


Rochelle salt (sodium potassium 
piezoelectric 


| tartrate), KH,PO,, BaTiO 
PbZrO, (lead zirconate) 


Antiferroelectric 
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N EXERCISE 1.2 


CONCEPT APPLIGATIO 


1. The number of Schottky defects (7) present in an ionic 
compound containing N ions at temperature T is given 
by n = Ne 247 where E is the energy required to create 
n Schottky defects and K is the Boltzmann constant. If 
the mole fraction of Schottky defect in NaCl crystal at 
2900 K is X. then calculate —In(a). 

Given: AH of Schottky defect = 2 eV and 
K=138x 10° IK" 
LeV=1.608x 1017] 

2. FeO crystallizes in NaCl-type of crystal lattice. The 
crystals of FeO are deficient in iron and are always non- 
stoichiometric. Some cationic sites are vacant and some 
contain Fe** ions but the combination is such that the 
structure is electrically neutral. The formula approximates 
to Fey 9.0. 

a. What is the ratio of Fe?” to Fe*’ ions in the solid? 
b. What percentage of cation sites are vacant? 


3. i. What is the relation between the radius of circle and 
the lenth of parallelogram for the unit cell shown in 
firgure below? 


ii. How many nearest neighbour circle does a given circle 
have in the second figure above? 

4. i. Why is coordination number of 12 not found in ionic 

crystals? . 
ii. Out of NaCl and CsCl, which one is more stable and 
why? 

5. How would you account for the following? 

i. Frenkel defects are not found in alkali metal halides. 
ii. Schottky defects lower the density of related solids. 

6. a. What is levitation? 

b. In what condition, mercury starts behaving as a 
superconductor? 

7. The length of a unit cell in the nickel crystal is 0.352 nm. 
Diffraction of X-rays of 0.154 nm wavelength from a 
nickel crystal occurs at 22,.2°, 25.9° and 38.2°. Show that 
these data are consistant with a face-centered cubic crystal 
structure. 

8. Which oxide is used to make megnetic tapes? Which kind 
of magnetism is shown by this oxide? 

9. If edge fraction unoccupied in ideal anti-fluorite structure 


is X. Calculate the value of Z, Where Z 
na B 0.097 
| 10. Ionic solid Na” A” crystallise in rock salt type structure 
2.592 gm of ionic solid salt Nad dissolved in water to make 
2 litre solution. The pH of this solution is 8. If distance 


between cation and anion is 300 pm, calculate density of 


ionic solid (in gm/cm’). 
(Given: pK,, = 13, pK, (HA) = 5, N, = 6 x 102) 


USN ea 


11. Calculated the value of =. Where 


7, = Co-ordination number of 2D-square close Packing 
Co-ordination camber of 2D-hcp 

Co-ordination eee of 3D-square close packing 
NE EE of 3D, ABCABC..... packing 
Co-ordination aiies of 3D, ABAB..... packing 


12. You are given marbles of diameter 10 mm. They are y 
be placed such that their centres are laying in a Squar 
bound by four lines each of length 40 mm. What will 5, 
the arrangements of marbles in a plane so that maximun 
number of marbles can be placed inside the area? Sketch th, 
diagram and derive expression for the number of molecule 
per unit area. 


oe ANSWERS 
1. -nX~4 2.a.8.5 b.5% 9. 3 
10. 4 gcm” i 12. 1.125 


a Solved Examples | 


The pyknometric density of NaCl crystal is 2.165 x 10° kem 
while its X-ray density is 2.178 x 10° kg m”. Calculate & 
fraction of unoccupied sites in NaCl crystal? 


me from pyknometric density 


_ Weight or mass 
Volume 


sagit IW): 5 


2165.5 10° 
Molar volume from X-ray density = __ om 
: “2.178 x 10° 
Volume unoecupi W l l 3 
unoccupied = | = m` 
10 \2.165 2.178 
2.165 x 2.178 
*. Fraction unoccupied = eae W xi 
2.165 x 2.178 2.165 
= 5.96 x 10° 


—— 
| 


| E ar volumes of KCI and NaCl are 40 mL and 30 mL, 


The mol 
respectively. Find the ratio of the unit cube edges of the two 
crystals. Assume both have the same packing efficiency, 


Since both KCI and NaCl have fcc-type arrangement, 
herefore, Zerr for both KCI and NaCl = 4/unit cell 
Moreover, packing efficiency of both are same. 


Hence, 


aka _ Volume of unit cell of KC] 


dea ~ Volume of unit cell of NaCl 
l 
l aa e(2) =1.113 
@nacl 30 


Calculate the void space in closest packing ofn spheres of Fadi 
| unit, n spheres of radius 0.414 units, and 27 spheres of radius 
0.225 units. 


Since the packing is closest, therefore it is an fcc-type 
situation. Z,.- = 4/unit cell. 


For fcc, (4r)° = 2a" (since r = 1 unit) 


a= yy] 


Also, number of unit cell = i 


Volume of crystal = (2) xa = x (2V2)° = 4/2n 


4 3 4 3 
4x —n(1) +4x—7(0.414 
3 (1) 3 ( ) 


Volume of atoms =— = 4.58n 


+4x2x a (0.225) 


4.58 
<. Percentage of space occupied = n 


x 100 = 81% 


4J/2n 


Hence, void space = 100 — 81 = 19% 


Calculate the following: 


4. Number of ZnS units in a unit cell of zinc blende. 
b. Number of CaF , units in a unit cell of CaF > 


BHD a. 21% = 4 (within the body), 


s-agxt + TATE 
8 2 


(corners) (face centres) 


b. Cat = gx} + T E 
8 2 


(corners) (face centres) 


F° = 8 (within the body) 


a 


ee ee Solid State 1.67 


If the length of the body diagonal for CsCl which crystallizes 
into a cubic structure with CI” ions at the corners and Cs? ions 
at the centre of the unit cell is 7 A and the radius of the Cs” 
ions is 1.69 A, what is the radius of CIP ions? 


Sol. Length of the body diagonal = 2(r¢4- + rea) 


For a cubic crystal, the face diagonal is 3.50A. Calculate the 
face length. 


“Sol. | Face diagonal = ya’ ta’ =V2a 


Face diagonal _ 3.50A _ 3.50A 
V2 V2 1. 


Face length (a) = 


Cesium chloride forms a body-centred cubic lattice. Cesium and 
chloride ions are in contact along the body diagonal of a cell. 
The length of the side of the unit cell is 412 pm and CIF ion has 
a radius of 181 pm. Calculate the radius of Cs” ion. 


_ Body diagonal = Jay +a = 3a 
= 270.8 + rao) 
= 1.732 x 412 pm 
= 713.58 pm 

713.58 


ie Fo = r 


= (356.79 — 181) pm 
~175.8 pm 


| A unit cell of sodium chloride has four formula units. The edge 
length of the unit cell is 0.564 nm. What is the density of sodium 
chloride? 


Zett X Mw 
a x Na X 10°" 


where a is in pm (1 nm = 10° pm), Z. tor NaCl = 4 


4x 58.5 3 
ee 
(0.564 x 10°)? x (6.023 x 107°) x 102° 


= 2,165 g cm i 


In an Lil crystal, I ions form a cubical close-packed 
arrangement, and Li” ions occupy octahedral holes. What is the 
relationship between the edge length of the unit cells and radii 
of the I” ions? Calculate the limiting ionic radii of Li® and 1° 
ions if a = 600 pm. 


1.68 Physical Chemistry = aes 


| p 
“Sol. Cubical close packing implies that the unit cell of the I 
ion is fee, and for that (from Table 1.12 and Fig. 1.59) 


re tr =al = “ = 300 pm 


For OV. 


® = 0.414 


Te = 0.414 xr, = 0.414 x 300 = 124.2 pm 


An element occurs in two crystalline forms a and B . The a-form 
has an fee with a = 3.68 A and B-form has a bee with a = 2.92 
A. Calculate the ratio of their densities. 


NSD Z for fec = 4, Zeg for bee = 2 
-843 
l N 
Atomic volume of a-form = Co ta 
_ (2.92 x10)? x Na 
2 
(As Aw is same, element is same), so the density ratio is 
(2.92)? (3.68)? 
2 £44 


Atomic volume of B-form 


Pa Pg= Vp: VQ = 


= 12.448 :12.459=1:1 


Find the simplest formula of a solid containing A and B atoms 
in a cubic arrangement in which A occupies corner and B the 
centre of the faces of unit cell. If the side length is 5 A, estimate 
the density of the solid assuming atomic weights of A and B as 
60 and 90, respectively. 


‘Soll Simplest formula AB,, Mw = 60 + 3 x 90 = 330 
Volume of unit cell = (5 x 1078}? = 125 x 10°74 mL 
One cell has one AB,, molecule 
So volume of one mole = 125 x 10° 4 x 6.023 x 1073 


= 75.287 mL 


In the cubic crystal of CsCl (d = 3.97 g cm’), the eight corners 
are occupied by Cl” with a Cs® at the centre and vice versa. 
Calculate the distance between the neighbouring Cs® and CIP 
ions. What is the radius of the two ions? (Aw of Cs = 132.9] 
and CI = 35.45) 
(SOM) In a unit cell, there is one Cs” ion and one CI® ion, 
] x 168.36 
a? x 6.023 x 10%” 
] x 168.36 
a? x 6.023 x 107 


3.97 g cm” = —ra=413A 


For bcc, 
2ra + 2r.,= V3a 


V3 x 4.13 
=, =3.57A 


2ra = 4.13 A == 2063 


lg = 3.57 — 2.065 = 1.505 


Hence, E = 0.729. 


fo 


(The radius ratio suggests bcc structure) 


Li forms a body-centred cubic lattice. If the edge of the Cube j 
3.5 x 10 !°m and the density is 5.3 x 107 kg m 3, calculate th. 
percentage occupancy of Li metal. 


“Sol. Theoretical density 
Zep S AW _ 2x7x10° 
N, xa? 6.023 x10" x (3.5x10%y 


= 5.4 x 10° kg m’ 


5.3 x 10? 
54x 


Percentage occupancy = ia x 100 = 98% 


Ga 


The metal ion—halide ion distances in several alkali metal halides 
are given. Explain only there is such a small difference in inter 
nuclear distance between Lil and Nal compared to that between 
LiCl and NaCl. 


Alkali 


Distance, nm 


metal ion Je cre 


Sol. ) I° ion and IÈ ion contact in Li I makes closer approact 
impossible. 


Calculate the ionic radius of F© ion. 

Given: rP = 2.19 A 

and RbI = 3.67 A, RbBr = 3.44 A, KBr = 3.29 A, 
KCI = 3.14 A, NaCl = 2.79 À, NaF = 2.31 A 


Sol. 
A 
RbI 3.67 Rb® = 3.69 — 2.19 = 1.48 Å 
RbBr 3.44 Br = 3.44 — 1.48 = 1.96 Å 
KBr 3.29 K® = 3.29 — 1.96 = 1.33 À 
KCI 3.14 Cl® =3.14 — 1.33 = 1.81 Å 
NaCl 2.79 Na® = 2.79 — 1.81 = 0.98 A 
NaF 2.31 F© = 2.31 — 0.98 = 1.33 Å 
[? 2.19 


e i Solid State 1.69 
Mw of NaCl = 58.5; (1 nm = 10° °m = 107 Tem) 


ANMA F) l aT 


crystallizes in fcc arrangement, and the density of solid 


Argon 


Zon X Mw,, 
eal Ar is 1:59 g cm” and 1.42 g cm”, respectively, Find p P aitonated = cae ce 
D percentage of empty space in liquid Ar, axa 
| t 
(gad First method E = x 58.5 = (i) 
Let the volume of solid Ar = 100 mL 6x10 x (0.5 10°’) 
Mass of solid Ar = V x p = 100 x 1.59 gem >= 159 g =3.12¢ cm? 
_.,, _ Mass __ 159g Since Pobserved © Peatculateg Which implies that some of the 
Giese 7 1.42 g cm” eee sites are vacant. 
Since Ar crystallizes in fec-type lattice, the packing fraction Pia Bad a T OEE TEL cm” ...(ii) 
(PF) = 0.74 x ) 


Actual volume occupied by Ar = PF x Volume of Solid Ar 


From equations (i) and (ii), 
= 0.74 x 100 = 74 mL 


P. l Pobs 
= y —& 2» y 4=y 
iai 112 -74)x1 Pobs = * => x 
% Empty space in liquid Ar = (112 ~74) x 100 = 33.92% obs 4 Peat 
. 112 
2.2 x4 7 
Second method 3 2%. 


Let the solid argon crystal = 100 g 
100 Be xX = 2.82 
Volume of Ar crystal (solid) = 159 mL Hence, missing sites = 4 — 2.82 = 1.18 


Volume of solid Ar in crystal = PF x Volume of Ar % of missing sites = = x 100 = 29.5% 


crystal (solid) 
100 O B 1 LE 
= 0.74 x — ANAONA e E 
” 1.59 i In an atomic fcc, all the lattice locations are occupied by A and 
Let the PF in liquid Ar in crystal = x the bode-centered OV is appropriately occupied by B, without 
:. Volume of liquid Ar = Volume of solid Ar disturbing the fcc of A. Calculate the packing fraction of this 
"OS 0.74 x 100 
PF x Volume of liquid Ar = ag = 
Number of A atoms = 4 7 
- 100 z 0.74 x 100 => x = 66.08% Nunberof Baies i Since it occupies only | 
1.42 1.59 one body-centered OVs | 
~- Empty space in liquid Ar = 100 — 66.08 For OV, 7 /r, =0.414 
= 0 
33.92% = 16V2r2 
Third method 
4 3 43 
mo = Constant 4x tra +— Tp 
Density 3 3 


PF(liquid Ar) _ PF of solid Ar 
Pofliquid Ar pof solid Ar 


x 0.74 
"e ee = 0 
142 159 > x = 66.8% 


Empty space = 33.92% 


The unit cell lengt 
method. The measured density of NaCl is 2.2 g cm”. Correlate 


| oe difference of observed and calculated density and calculate 
Percentage of missing Na® and C]? ions. 


“MOK” Since NaC] is an fec-type arrangement, 
^ Zo Of NaCl = A/unit cell 


PF = —>— 3 


ll 
> 
N 
A 
Moa 


l i 
lx — (0.414): 
A | ) 


= 0.74 [ + om] 
4 


= 0.74 x 1.017 = 0.75 
. PF=0.75 
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A 


(OV in body 
center) 


A 


Fig. (a) Anion-anion (A-A) contact (b) Body-centered structure 


(4r,,)° =2a*>a= [2 r, > a= 16/2 rÀ 


A strong current of trivalent gaseous boron passe 
germanium crystal decreases the density of the crystal due to 
part replacement of germanium by boron and due to interstitial 
vacancies created by missing Ge atoms. In one such experiment, 
1 g of germanium is taken and the boron atoms are found to be 
150 ppm by weight, when the density of the Ge crystal decreases 
by 4%. Calculate the percentage of missing vacancies due to 
germanium, which are filled up by boron atoms. 


(Aw of Ge = 72.6 and B = 11) 


. Assume here that the decrease in density is not due to 
volume change but due to loss of Ge atoms only. Let x be 
the total number of Ge atoms missing and y be the number 
of B atoms replacing Ge atoms. Assuming the volume of 
crystal remaining same, then 4% decrease in density will 
also decrease weight of the crystal (sample) by 4%. 


sidas oad ee evel 
Na Na 


yx1l  150x 0.96 
or —— = ———_ 


N, 10° 
aude [+ A [20> 226) 
l N; 10° 


yx (0.04 + 1.44% 10%)N, _ 0.04N 
7 72.6 72.6 


Pem 150N, x 0.96 x 72.6 _ 2376x102 
x 


10° x 11x 0.04N, 


x 100 = 2.376 x 10°? x 100 


x |X 


= 2.376% 


A tetrahedron can be drawn within a cube. The center of the = 
constitutes a tetrahedral void. In closest packing, two ania 
touch each other along the face diagonal of the cube and 
cation (occupying a tetrahedral void) and two anions (Occup 
two remote corners) touch each other along the cross diagon 
of the cube. Using these facts, show that rg/r.. = 0.225, 


Face diagonal of cube = V2a 


Cross diagonal of cube = VBa 
Hence, 27, = V2a 
2rg t+ 2o = VBa 
Divinding equations (i) and (ii), 
2 +2 _ Ba 


2ra V2a 


dron can a cube by choosing th 
centers of its six faces. The center of the cube constitutes a 
octahedral void. In closest packing, two anions touch each othe 
along the line obtained by joining the centers of two adjoinin 
faces and one cation (occupying an octahedral void) and tw 
anions (occupying centers of two opposite faces) touch eaci 
other along the line joining the centers of two opposite face: 


Using these facts, show that rg /r. = 0.414. 


COONS ý . . > a 
“Sol. | Distance between the center of two adjoining faces = = 
y: 


Distance between the center of two opposite faces =a 
Hence, 2r, = < 
ence, 27. = = 
© Sd 
and 2rg + 2r,=a 
On dividing, 


2o + 2r a 


2ra alJ2 


® = /2-1=0414 


fe) 


Wy 
VIS 


f NA 
Potassium crystallizes in a b 
cell (a) = 5.20 A. 


. . = J 
a. What is the distance between the nearest neighbou® 


b. What is the distance between the next-neatt® 
neighbours? 


c. How many nearest neighbours does K atom have? 


d. What is the calculated density of crystalline K? 


Ne XX: 
y XR 


lattice with a w 


ody-centered 


a. The body diagonal is V3a = E (5.20 Å) = 9.01 
The nearest neighbours along the diagonal are half 


distance apart, 4.50 À. | 
| 


b> 


b. 5.20 A, along the cel] edge. 


c. 8 (For example, the body center i 

d. 6 (The corner has neighbours alo 
down, in, out, left, right), 

e. Two K atoms per unit cell; o 
one-eighth at each corner. 


S next to 8 corners), 
Ng each cel] edge, up, 


ne at the body center and 


a Lege X Aw 


| px a= N, (Zete for bee = 2) 
Mass = “sft * Aw 
A 
= f aE |= 130x10 
| 6.02 x 10° 
Volume = a? 


= 1.41 x 10 cm 


=22 
>= l Mass ) _ — 3 -0.925 g cm” 
Volume 1.41x10 cm 


Lithium metal has a body-centered cubic unit cell. 


a. How many atoms are there in a unit cell? 


b. Krypton crystallizes in a structure that has four Kr atoms 
in each unit cell and the unit cell is a cube. The edge 
length of the unit cell is 0.558 nm. Calculate the density 

| of crystalline Kr in kg m”. 


7 a. Two (one at the corners, equivalent to 1/8th at each of 
i eight corners, plus one at the body center). 
‘| b. M 1 mol 
SE 6.02 x 107” atoms 

| os 

| mol 

| = 5.57 x 10° kg eo 
K Volume = (0.558 x 107? m} = 1.75 x 107% m 
pe 


M ` 5.57x10 kg 


p= —_= 


V 175x102 m? 


j 


3190 kg m`” 


Solid State 1.71 
Iron crystallizes in several modifications. 
b k 


So For o.-form, distance between nearest nei ghbour is V3a, /2 
(For bec, Z og = 2/unit cell) 


For y-form, distance between 
(For fcc, Z= A/unit cell) 


As the distance between near 
two forms 


nearest neighbour is a,/V2 


est neighbours is same in the 


a, 3 . Zoff (bec) Z ] 
== |- since ——— = 2 =L 
a 2 eff (fec) 4 z2 
3 2 
Pi _ ere) (2) =l LE) = 0.918 
P2 (Zer) (a 2\ V2 
where p, is the density for «-form and P» is the density for 


y-form. 


Ice crystallizes in a hexagonal lattice. At low temperature at 
which the structure was determined, the lattice constants are- a 
= 4.53 A, and c (height) = 7.41 A. 


How many H,O molecules are contained in a unit cell? 


(Density 
of ice = 0.92 g em”). 


The volume V of the unit cell in Fig. (a) and (b): 
V = Area of rhombus base x Height (c) 
= (a° sin 60°) x c = (4.53 A)’ (0.866) (7.41 A) 


Mara UNAN 


y 


pas ÅS = 132s 10 om 
Vlas ounit cell = 1s Density 
32x 10°74 em!) (0.92 g em) x (6.02 x 10”) 
=73¢ 


ea 
18 


Number of moles of H,O = 


p A -a E 1 -J5 on 
AMT Le fea $ 


A hexagonal close-packed lattice can be represented by 


8 3 
figures (a) and (b) below. If c = a i = |.633a, there is 


an atom at each corner of the unit cell and another atom 
which can be located by moving one-third the distance along 
the dioagonal of the rhombus base, starting at the lower 
left hand corner and moving perpendicularly upward by 
c/2. Mg crystallizes in this lattice and has a density of 
1.74g cm”. 


a. What is the volume of unit cell? 

b. What is a? 

c. What is the distance between nearest neighbours? 

d. How many nearest neighbours does each atom have? 


1 
a. Zq 8 (comers) x 3 (per corner share) 


+ 1 (in the body) 
= 2 atoms/unit cell 


Aw of Mg = 24.3 g 
24.3 g 
marae) =8.07x 10? g 
Mass (807x1028) 
Density -| Leon x (108 A} 


= 46.443 
b. The base area of the cell [Fig. (b)] is: 


Mass = (2 atoms) 


Volume = 


sin 60° = ~ i 
=7 >s a(sin 60°) = a(0.8660) 


~. Area = ax = 0.8660a? 


Volume = Area x Height 
= (0.8660a°) (1.633a) = 1.414a° = 464 R 
Thus, a = 3.20 Å 

c. Distance between nearest neighbours = 3.20 À 
Nearest neighbours are along the base edge. 

d. 12 neighbours atoms. The 12 atoms are mogt ay 
viewed as six atoms in the same plane, three above i 
three below. j 

The plane of the six atoms around the central atom jg 

shown in the above figure. 


See ea 
Re ear Ay Susy 


(Ti) crystallizes in fcc lattice. It reacts with C or 
interstitially and these elements occupy the voids of host latti 
(i.e., Ti). H-atom occupies TVs but C-atom occupies OVs, 


a. Calculate the formula of titanium hydride and titaniun 
carbide. 
b. What is the maximum ratio of “foreign” atom radiy 
(i.e., H atom) to host atom (i.e., Ti) radius that can 


occupied in TVs without causing a strain in the ho 
lattice. 


c. What is the maximum allowable radius ratio in an Oy 


d. Account for the fact that H-atom occupy TVs whit 
C-atoms occupy OVs. 


a. For fcc lattice, Z. 7 4 Ti atoms/unit cell 
Number of TVs = Number of H-atoms = 8/unit cell 
i. Formula of titanium hydride = Ti 4H; > TIH, 
ii. Number of OVs = Number of C-atom = 4/unit c! 
Formula of titanium carbide = Ti gC, => TiC 


b. ForTVs, © =" =0.225 


tO Fri 


e ForOVs, & = =0.414 
o Ffi 

Size of H-atom is small in comparision of C-atom, ` 

H occupies TVs and C occupies OVs. 


Iron cryatallizes in two b 
and the 5-form above 1400° 
these two temperatures. 


a. What is the symmetry of a face-centered void of a! 
unit cell? 


attices, the a-form below 910 
C, and in an fcc y-atom betwe 


b. What is the maximum symmetry of a void who 


coordinates are (0, a/2, a/4) is bec unit cell? 


c. Ton is the maximum ratio of a foreign particle al 
cupying such a void to the host iron ion radius? 
d. Why does only the y- 


of carbon? form dissolve appreciable amou? 


TA \ 


Body-centered Fe 
atom of another unit cell 


Second unit cell 


— a — Body-centered Fe 


atom of one 
bee unit cell 
First unit cell 


In bec, the atom at the body center B is in contact with 


those at the comers: the corner atoms do not touch each 
other. 


The body diagonal = Ja =4r 


4 
Thus. a = ($) (i) 


From body center to body center (A — B) = a (figure 
above) 


Also, a = 2r 


a 4r 
(Fe) 4l (void) 7 B 


2 -2 
Tetra = er 2. Fit (2.1) 0.155 
Fe void J T: [= ) 


The face diagonals are longer (V2a) than the distance 
between body centers, so the geometry of the void is a 
shortened octagedron called distorted octahedral. 


Face- First unit cell 
centered 


Second unit void 


Void at (0, a/2, a/4) coordinates 
x= 0, y=a/2,z=a/4 
om origin D. 


Body-centered 
atom in first 
unit cell 


= Solid State 1.73 


V (void) 
(at 0, a/2, a/4) 


Consider the body-centered atoms (A and B) and the two 


corners atoms at the base of the face joining two unit cell 
(C and D) (figure above). 


The distance from the center of the line joining the top atom 
to that joining the bottom atom = 4/2. 


(The bottom atoms are a half unit cell below the top ones). 
The void (V) is located half way down the line, as required 
by symmetry. The triangle (VCC’) has one side a/2 and one 


5 
side is a/4. The hypotenuse (VC) = a a. 
Tre TV V6 16\ /3) V3 
5 
a al aihe 
c. f E-i)-021 
"re 3 


d. Carbon is too big to occupy either type of void in a bec 
structure but can fit with in an OV of an fec structure. 
(i.e., y-form) 


„i 1 l l 1 ) l 1) 
at the positions (0, 0, 0), (o, = 1). (z 0, — |.and | —,—,0}. 
The unit cell is —— A 

a. SC b. bee 

c. fcc d. de 


) (0,0,1) à (LOD 
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The ratio of the volume ofa tetragonal lattice to that of hexagonal 


lattice is 
2 V3 Ba? 2a’c 
= i © o d. 
B 2 2be V3b 
SOL a. Volume of a lattice is given by: 


1 — cos*+ — cos”? — cos”? 
V= abc 
- 2 cos a cos B cosy 


N| = 


4 


| 


o 7 rl 
=a’c (because a = h + c, a = B=y7= 9p, 


Vetrnponal ) | 
because a = 
V3 a= o gay 
V =a’c x — a =P= 9 
hexagonal “ 5 ' 
y= 120° | 
; Vetragonal _ a’cx2 2 


V hexagonal p V3 x ac p V3 


i e 


single Correct Answer Type Iil 


Classification of Solids and Their Properties 


1. 


wr 


cn 


10. 


(14,8 


1. 


. Solids which do not show the s 


Which one is called pseudo solid? 


(1) CaF, (2) Glass 
(3) NaCl (4) All 


ch d ame physica] Properties jn 
different direction are called: 


(1) Pseudo solids 
(3) Polymorphic solids 


(2) Isotropic Solids 
(4) Anisotropic Solids 


. Graphite is an example of : 


(1) Ionic solid 
(3) Metallic crystal 


(2) Covalent solid 
(4) None of these 


. Amorphous solids are: 


(1) Isotropic and supercooled liquids 
(2) Anisotropic and supercooled liquids 
(3) Isoenthalpic and superheated liquids 


(4) Isotropic and superheated Solids 


. Crystals which are good conductor of electricity and heat 


are : 
(1) Ionic crystals (2) Covalent Crystals 
(3) Metallic crystals (4) Molecular crystals 


- Which of the crystal Systems contains the maximum number 


of Bravais lattices? 


(1) Cubic (2) Hexagonal 
(3) Triclinic (4) Orthorhombic 
- The most unsymmetrical and symmetrical Systems are, 
respectively: 
(1) Tetragonal, Cubic 
(2) Triclinic, Cubic 
(3) Rhombohedral, Hexagonal 
(4) Orthorhombic, Cubic 


- The crystal System of a compound with unit cell parameters, 


4=0,328 nm, b= 0.328 nm, c = 0.527 nm anda =f =y= 
90° is 

(1) Cubic 

(3) Monoclinic 


(2) Tetragonal 
(4) Rhombohedral 


- What are the number of atoms per unit cell and the number 


of nearest neighbours in a simple cubic structures? 

(1) 1, 6 (2) 4, 12 

(3) 2, 8 (4) 2, 6 

What are the number of atoms per unit cell and the number 
of nearest neighbours in a face centered cubic structures? 
(2) 2, 8 

(3) 2, 6 (4) 4, 12 

What are the number of atoms per unit cell and the number 
Of nearest neighbours in a body centered cubic structurers? 
(1) 4, 12 (2) 1,6 

(3) 2,8 (4) 2,5 


Exercises 


12. 


15. 


16. 


17. 


18. 


ħin 


EN Solid State 1.75 
— 


Which of the following layering pattern will have a void 
fraction of 0.260? 

(1) ABCCBAABC (2) ABBAABBA 

(3) ABCABCABC (4) ABCAABCA 


. If the ratio of coordination no. of A to that of B is x : y, then 


the ratio of no. of atoms of A to that no. of atoms of B in 
unit cell is: 


Le ey (2)y:x 
(3)x? sy (4) y: x£ 
- When heated above 916°C, iron changes its bec crystalline 


form to fcc without the change in the radius of atom. The 
ratio of density of the crystal before heating and after heating 
Is: 

(1) 1.069 (2) 0.918 

(3) 0.725 (4) 1.23] 


TIAI(SO,), . XH,0 is bec with ‘a’ = 1.22 nm. If the density 
of the solid is 2.32 g/cc, then the value of x is (Given: N ~ 
6 x 10°; at. mass: TI = 204, Al = 27, $= 32). | 
(1) 2 | (2) 4 

(3) 47 (4) 70 

A body centered cubic lattice is made up of hollow spheres 
of B. Spheres of solid A are Present in hollow spheres of B. 
Radius of A is half of radius of B. What is the ratio of total 


volume of spheres of B unoccupied by 4 in a unit cell and 
volume of unit cell? 


Br 


(1) 


64 128 
TT Tv3 
3) — 4) 
(3) 94 ( 
First three nearest neighbour distances for primitive cubic 


lattice are respectiely (edge length of unit cel] = a): 
(1) a, ¥2a, Ba (D Ba,<2a-a 
(3) a, V2a, 2a (4) a, V3a, 2a 


First three nearest neighbour distances for body centered 
cubic lattice are respectively: 


2 a 
(1) V2a, a V3a (2) Fea Via 


(3) ee 2a (4) — 


— 
sQ, NVJ 


~ 


. Ina planar tetra-atomic molecule. AY, Vis at the centroid 


of the equilateral tringle formed by the atoms, Y. Ifthe XY 
bond distance is | A, what is the distance between the centres 
of any two Y atoms? 

(2) V2 À 


(1) 1/43 À 
(3) V3 À (4) 1/V2 A 


20 4,8 molecules (molar mass = 259.8 g/mol) crystallises in a 


hexagonal lattice as shown in figure. The lattice constants 
area = 5 A and b=8 A. If density of crystal is 5 g/cm” then 
how many molecules are contained in given unit cell? (use 
N, = 6x 10”) 


21. 


22. 


23. 


24. 


(oz 


(1)6 
(3) 4 (4) 2 

Graphite has h.c.p arrangements of carbon atoms and the 
parallel planes are 3.55 A apart. Determine density of 
graphite : 

(1) 2.46 g/cc (2) 0.41 g/cc 

(3) 1 g/cc (4) 1.41 g/cc 

Select right experssion for determining packing fraction 
(P.F.) of NaCl unit cell (assume ideal) if ions along an edge 
diagonal are absent : 

(Given: volume of unit cell = 16/2 r2) 


5 
frog +13) n( 3rd +403 | 
(DS ————— 2) P.F. = 
) wing ® 162 13 
4 (5 
ETETA ETET 
(3) PE. =—— = (4) PF = 
ize | 162 3 
A crystal is made of particles X, Y and Z. X forms fcc packing. 


Y occupies all the octahedral voids of X and Z occupies all 
the tetrahedral voids of X. If all the particles along one body 
diagonal are removed then the formula of the crystal would 


be: 


(1) XYZ, (2) X, YZ, 
(3) X,Y,Z, (4) X,Y,Z, 
A crystal is made of particles A and B. A forms fcc packing 


and B occupies all the octahedral voids. If all the particles 
along the plane as shown in figure are removed, then, the 
formula of the crystal would be: 


A 


Sgt 


25. 


26. 


Zi 


28. 


29. 


30. 


31. 


(1) AB 
(3) A,B 


(2) A.B, 
(4) None of these 


Given length of side of hexagonal unit cell is 100 Pm. 7, 
2 Tok 


volume of hexagonal unit cell is (in pm’): 


(1) 8 x 10° (2) 1.5 x 10° 

(3) 64 x 10° (4) 36 x 10° 

A crystal may have one or more planes and one or more 
of symmetry but it possesses: 

(1) Two centres of symmetry 

(2) One centre of symmetry 

(3) No centre of symmetry 

(4) None of the above 

TiO, is well known example of: 

(1) Triclinic system (2) Tetragonal system 
(3) Monoclinic system (4) None of these 

The crystals are bounded by plane faces (f), straight edge; 
(e) and interfacial angle (c). The relationship between these 
is: 

(1) ftc=et2 (2) fte=c+2 
(3)cte=ft+2 (4) None of these 

Ice molecules can exhibit up to sixteen different phases tha 
depend on temperature and pressure. Which of the following 
diagram represents the location of lattice points within the 
space lattice of ice 


axy 


e . L2 
(1) i 2). 
5 ; 
(3) ° ° (4) None of these 


Liquid H,O is densest, essentially 1.00 g/cm’, at 4°C and 
becomes less dense as the water molecules begin to fom 
crystals ice as the freezing point is reached. Ice is 83 % les 
dense then liquid water the structure of ice is: 


(1) Cubic (2) Hexagonal 
(3) Orthorhombic (4) Rhombohedral 


Which of the following shaded plane in fcc lattice contains 
arrangement of atoms as shown below: 


OO © 
OO © 


Cs 


il) 


Au 


32. A metal crystallises in bcc lattice. The % fraction of edge 
length not covered by atom is: 

(1) 10.24 % (2) 13.4% 
(3) 12.4 % (4) 11.4% 

33. A crystal is made up of particles X, Y, and Z. X forms fcc 
packing. Y occupies all octahedral voids of X and Z occupies 
all tetrahedral voids of X. If all the particles along one body 
diagonal are removed, then the formula of the crystal would 
be 
(1) XYZ, 


GEATA 


ORS A 
(4) X,Y,Z; 


34, In a hypothetical solid, C atoms are found to form cubical 


close-packed lattice. A atoms occupy all tetrahedral voids 
and B atoms occupy all octahedral voids. 


L—/ 


ge A 


A and B atoms are of appropriate size, so that there is no 
distortion in the ccp lattice of C atoms. Now if a plane as 
shown in the following figure is cut, then the cross section 
of this plane will look like 


Cec cfc fc 
(1) eb, e (2) ® ® ®@ 
c@ec CH CHC 
BOGS ccd c 
3) eese (4) Bee 
cic c CHCC 


35. What is the maximum number of layers of atoms in close- 


packed planes that will lie within two imaginary parallel 


2 
planes having a distance between them of 13> (where 


r is the radius of atom) in the copper crystal (fcc)? 


(Consider the atoms to be within the parallel planes if their 
Centres are on or within the two parallel planes). 


(1) 5 (2) 6 
(3)7 (4) 8 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


Solid State 1.77 


Analysis show that nickel oxide consists of nickel ion 
with 96% ions having d° configuration and 4% having 
d’ configuration. Which amongst the following best 
represents the formula of the oxide? 

(1) Ni; 929} 99 (2) Nig 969} 00 

(3) Nip 9g9p 98 (4) Nip 989} 09 

What is the density of Na,O having antifluorite-type crystal 
structure, if the edge length of cube is 100 pm and what is 
the effect on density by 0.05% Frenkel defect? 


(1) 823.5 g cm”, density decreases 

(2) 414.16 g cm”, density decreases 

(3) 823.5 g cm” , density remains same 

(4) 414.16 g cm”, density remains same 

In the calcium fluoride structure, the coordination number 
of the cations and the anions are, respectively, 


(1) 6 and 6 (2) 8 and 4 
(3) 4 and 4 (4) 4 and 8 
A metallic crystal crystallizes into a lattice containing a 


sequence of layers ABABAB... . Any packing of spheres 
leaves out voids in the lattice. What percentage by volume 
of this lattice is empty space? 

(1) 74% (2) 26% 

(3) 50% (4) None of these 

In an fcc unit cell, atoms are numbered as shown below. 
The atoms not touching each other are (Atom numbered 3 
is face centre of front face) 


(1) 3 and 4 (2) 1 and 3 
(3) 1 and 2 (4) 2 and 4 
The number of nearest neighbours and next nearest 


neighbours of an Na® ion in a crystal of NaCl are, 
respectively, 

(1) 6Na®, 12C1© (2) 6CI°, 12Na® 

(3) 12C1°, 12Na® (4) 6CI°, 6Na® 

The following diagram shows the arrangement of lattice 


points with a = b =c and a = B =Y=90°. Choose the correct 
options. 


si 


1.78 


43. 


45. 


46. 


47. 


48. 


49. 


50. 


44. 


Physical Chemistry 

(1) The arrangement is sc with each lattice po 
by 6 nearest neighbours. 

(2) The arrangement is sc with eac 
by 8 nearest neighbours. 

(3) The arrangement is fec with each lattice point surrounded 
by 12 nearest neighbours. 

(4) The arrangement is bcc with each lattice point 
surrounded by 8 nearest neighbours. 

The number of atoms in 100 g of an fcc crystal with density 

=10.0g cm™ and cell edge equal to 200 pm is equal to 

(1) 5 x 10” (2) 5 x 107° 

(3) 6 x 10” (4) 2 x 107° 

In a tetragonal crystal 

(1) a=b=c,a=B=90° +y 

(2)0=B=y=90°,a=b#c 

3)a=p=y=90°,a#b¥c 

(4) a =B=90°, y= 120",a=b#e 

If the lattice parameter of Si= 5.43 A and the mass of Si atom 

is 28.08 x 1.66 x 102” kg, the density of silicon in kg m` 

is (Given: Silicon has diamond cubic structure) 

(1) 2330 (2) 1115 

(3) 3445 (4) 1673 

The lattice parameter of GaAs (radius of Ga = 1.22 A, 

As = 1.25 A) is 

(1) 5.635 A (2) 2.852 A 

(3) 5.774 À (4) 4.94 À 

In cubic ZnS (I-VI) compounds, if the radii of Zn and S 

atoms are 0.74 À and 1.70 À, the lattice parameter of cubic 

ZnS is 

(1) 1187Å (2) 5.634 À 

(3) 5.14 À (4) 2.97 À 


Na and Mg crystallize in bcc- and fcc-type crystals, the ratio 
ofnumber of atoms present in the unit cell of their respective 


int surrounded 


h lattice point surrounded 


crystal is 
(1)1 (2) 0.5 
(3) 3 (4) 4 


An ionic solid ABE crystallizes as a bec structure. The 
distance between cation and anion in the lattice is 338 pm. 
The edge length of cell is 
(1) 338 pm 

(3) 292.7 pm (4) 507 pm 

An ionic solid A crystallizes as an fcc structure. If the 
edge length of cell is 508 pm and the radius of anion is 144 pm 
the radius of cation is 
(1) 110 pm 

(3) 220 pm 


(2) 390.3 pm 


Spo 


(2) 364 pm 
(4) 288 pm 


. The y-form of iron has fcc structure (edge length 386 pm) 


and B-form has bcc structure (edge length 290 pm). The 
ratio of density in y-form and B-form is 


52. 


53. 


i 
A 


un 
Nn 


58. 


59. 


60. 


. An elemental crystal has a density of 8570 kg m”. The 


(2) 1.02 


(1) 0.9788 
(4) 0.6344 


(3) 1.57 
The density of an ionic compound (Mw = 58.5) is 2.16 
kg m” and the edge length of unit cell is 562 pm, then h 
closest distance between A®B® and Zæ OF unit cell is 


(2) 562 pm, 2 


(1) 281 pm, 4 
(4) 281 pm, 2 


(3) 562 pm, 4 
The edge length of unit cell of a metal (Mw = 24) havin, 
c structure is 4.53 A. If the density of metal; 


cubi ! 
1.74 g cm >. the radius of metal is (N; = 6 x 10%) 
(1) 180 pm (2) 160 pm 

(4) 190 pm 


(3) 140 pm 


_ The ratio of packing density in fcc, bec, and cubic structu 


is, respectively, 
(1) 1: 0.92 : 0.70 
(3) 1: 0.70 : 0.92 


(2)'0.70: 0.92: 1 
(4) 0.92 :0.70 : | 


_ How many unit cells are present in a cubic-shaped ideal 


crystal of NaCl of mass 1.0 g? 
(2) 1.71 x 107! 
(4) 5.14 x 107! 


(1) 1.28 x 107! 
(3) 2.57 x 107! 


56. The volume of atoms present in a face-centred cubic uni 


cell of a metal (r is atomic radius) is 


2 3 
(1) =n 
>) 


(3) 4nr° 


(2) 8m" 
I6 , 

4) — nr 

(4) 3 4 


packing efficiency is 0.68. If the closest distance between 
neighbouring atoms is 2.86 A, the mass of one atom i 
(1 amu = 1.66 x 10°?’ kg) 

(1) 186 amu (2) 93 amu 
(3) 46.5 amu (4) 43 amu 


The atomic fraction (d) of tin in bronze (fcc) with a density 
of 7717 kg m” and a lattice parameter of 3.903 Å i 
(4w Cu = 63.54, Sn = 118.7, 1 amu = 1.66 x 10” kg) 


(1) 0.01 (2) 0.05 
(3) 0.10 (4) 3.8 
A metal of density 7.5 x 10° kg m™ has an fcc cryst" 


structure with lattice parameter a = 400 pm. Calculate t 
number of unit cells present in 0.015 kg of the metal. 

(1) 6.250 x 1072 (2) 3.125 x 1073 

(3) 3.125 x 10” (4) 1.563 x 10” 

The ratio of the volume of a tetragonal lattice unit cell" 
that of a hexagonal lattice unit cell is (both having sam 


- respective lengths) 


3V3 
a 
Bb (4)1 


a = 


61. An fcc lattice has a lattice Parameter q = 
the molar volume of the lattice including 


iy (1) 10.8 mL (2) 96 mL 
Nh (3) 8.6 mL (4) 9.6 mL 


62. A metal crystallizes in bee latt 
edge length not covered by 


(1) 10.4% 
(3) 12.4% 


all the empty space. 


ice. The percent fr 
atom is 


(4) 11.4% 


63. In the cubic lattice given below, th 
the atoms A-B, A-C, and A-G 


(1) a, V2a, V3a 
(2) a, V3a, V2a 


action of 


e three distances between 
are, respectively, 


Age. 
na a VBa 
(3) D 5 
(4) a, 88. 


F 


64. In body-centred cubic lattice 
AB, AC, and AA’ are 


B 
(1) a, Via, E 


given below, the three distances 


3) -, V2a, a 
paa Mia Y 
( ) > J2 5 2 

65. Two ionic solids AB and CB crystallize in the same lattice. 
If r e lro and re Ire are 0.50 and 0.70, respectively, then 
the ratio of edge length of AB and CD is 
(1) 0.68 (2) 0.78 
(3) 0.88 (4) 0.98 

66. A molecule A,B (Mw = 166.4) occupies triclinic lattice 
with a = 5 A,b=8 A, and c = 4 A. If the density of AB, is 
5.2 g cm”, the number of molecules present in one unit 


body 
centered atom 


cell is 
(1)2 (2) 3 
(3) 4 (4) 5 


67. Na and Mg crystallize in bcc- and fcc-type crystals, 
Tespectively, then the number of atoms of Na and Mg present 
in the unit cell of their respective crystal is 
(1) 4 and 2 (2) 9 and 14 
(3) 14 and 9 (4) 2 and 4 

68. A solid has a structure in which W atoms are located at the 
comers of a cubic lattice, O atoms at the centre of edges, 
and Na atom at the centre of the cube. The formula for the 
Compound is 


400 pm. Calculate . 


69. 


70. 


71. 


12. 


73. 


74. 


75. 


76. 


77. 


78. 


79. 


80. 


(1) NaWO, (2) NaWO, 
(3) Na, WO, (4) NaWO, 
The intermetallic compound LiAg crystallizes in cubic 
lattice in which both lithium and silver have coordination 
number of 8. The crystal class is 
(1) Simple cubic 


(2) Body-centred cubic 
(3) Face-centred cubic 


(4) None of these 
The edge length of a face-ce 
the radius of the cation ig 
(1) 144 pm (2) 288 pm 
(3) 618 pm (4) 398 pm 
In the crystals of which of the foll 
would you expect maximum dis 
of the cations and anions? 
(1) LiF 


ntred cubic unit cell is 508 pm. If 
110 pm, the radius of the anion is 


owing ionic compounds 
tance between the centres 


(2) CsF 
(3) CsI (4) Lil 
How many kinds of space lattices are possible in a crystal? 
(1) 23 (2) 7 
(3) 230 (4) 14 


Potassium crystallizes with a 

(1) Face-centred cubic lattice 

(2) Body-centred cubic lattice 

(3) Simple cubic lattice 

(4) Orthorhombic lattice 

A compound formed by elements A and B crystallizes in the 
cubic structure where B atoms are at the face-centres. The 
formula of the compound is 

(1) AB, (2) AB 

(3) A,B (4) AB, 

The number of unit cells in 58.5 g of NaCl is nearly 
(1) 6 x 107° (2)3 x 107 

(3) 1.5 x 107 (4) 0.5 x 10% 


The packing fraction for a body-centred cube is 


(1) 0.42 (2) 0.53 

(3) 0.68 (4) 0.82 

In NaCl, the chloride ions occupy the space in a fashion of 
(1) fee (2) bee 

(3) Both (4) None 


The range of radius ratio (cationic to anionic) for an 
octahedral arrangement of ions in an ionic solid is 

(1) 0.155-0.225 (2) 0.225-0.414 

(3) 0.414—0.732 (4) 0.732-1.000 

When molten zinc is cooled to solid state, it assumes hep 
structure. Then the number of nearest neighbours of zinc 
atom will be 


(1)4 (2) 6 

(3)8 (4) 12 

The interionic distance for cesium chloride crystal will be 
(l)a (2) a/2 


(3) V3a/2 (4) 2a/V3 


1.80 


81. 


pà 


82. 


84. 
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In the structure of diamond, carbon atoms appear at 


1 J 
LII glttgt it 
(1) 0.0.0, and 5722 (2) a’ 4° an $ 3°72 


111 43.33 
(3) 0,0, 0,and 7,757 (4) 0, 0, 0, an 444 


Which of following statements is correct in the zinc- 
blende-type structure of an ionic compound? 

(1) Coordination number of each cation and anion 1s 2. 
(2) Coordination number of each cation and union is 4. 
(3) Coordination number of each cation and union is 6. 
(4) Coordination number of each cation and union is 8. 


. Ina body-centred cubic unit cell of closest packed atoms, 


the radius of atom in terms of edge length a of the unit 
cells is 

(1) a/2 (2) alJ2 

(3) a/2V2 (4) V3a/4 


Which of the following expressions is correct in the case 
of a sodium chloride unit cell (edge length, a)? 


Ura trama (2)rgtre=al2 


3)rgtr.=2a (Ata tra" Ja 
85. In silicon crystal, Si atoms form fcc arrangement where 


86. 


87. 


88. 


89. 


90. 


4 out of 8 TVs are also occupied by Si atoms. Z ẹof unit 
cell is 


(1) 1 (2) 2 
(3)4 (48 
Which of the following crystal systems exist in bc, end- 


centred, fc, as well as primitive unit cell? 


(1) Hexagonal (2) Cubic 
(3) Triclinic (4) Orthorhombic 
In a cubic unit cell, A atoms are present on alternative 


comers, B atoms are present on alternate faces, and C 
atoms are present on alternate edges and body centre of 
the cube. The simplest formula of the compound is 


(1) ABC, ABC, 
(3) ABC, (4) ABC, 
Which of the following statements is correct for the body- 


centred cubic structure of an ionic compound? 

(1) Coordination number of each cation and anion is 2. 
(2) Coordination number of each cation and anion is 4. 
(3) Coordination number of each cation and anion is 6. 
(4) Coordination number of each cation and anion is 8. 
Aluminium metal has a density of 2.72 g cm? and 
crystallizes in a cubic lattice with an edge of 404 pm. 
Which of the following is correct? 

(1) It forms bec unit cell 

(2) It forms fcc unit cell 

(3) Its CN =8 

(4) Its CN is 6 

ThO, exists in fluorite structure, what is the effective 
number of bivalent ion in the unit cell of ThO,? 


91. 


92. 


94. 


95. 


96. 


97. 


—_ uÃ 
ee 


(2) 4 


(1)2 

(3) | (4) 8 

What is the coordination number of Th** in ThO,? 
(1) 4 (2) 8 

(3) 6 (4) 12 


The coordination number Cs and Br in Csp; die 


respectively, 


(1) 8,8 (2) 6, 6 
(3) 8, 6 (4) 6, 8 
. Fraction of total volume occupied by atoms in a simple 
cube is 
(1) 37/8 (2) 1/6 
(3) 1/3 (4) J2n/3 


Xenon crystallizes in fcc lattice and the edge of the unis 
cell is 620 pm, then the radius of Xe atom is 
(1) 219.20 pm (2) 438.5 pm 


(3) 290.3 pm (4) 318.53 pm 
In BeO (zinc blende structure), Mg” is introduced ig 


available TVs. The coordination numbers of Be” ang 
Mg” are, respectively, 


(1) 8,8 
(3) 4,4 


(2) 6,6 
(4) 8,6 
If the ions are removed from a single body diagonal in 


above case after doping, then the molecular formula of 
the unit cell would be 


(1) Mg,Be, 50; 5 
(3) Mg,Be,0, « 


(4) Mg,Be,O, , 

In spinel, Mg” is present in one-eighth of TVs in an fee 
lattice of oxide ions and Al** ions are present in half of 
the OVs. The formula of spinel is 


(1) MgAl,0, (2) MgALO, 
(3) MgALO, (4) MgAl,O, 


Tetrahedral and Octahedral voids 


98. 


99, 


100. 


How many nearest neighbours are there in an atom or 10! 

for an octahedral hole of a closed packed structure? 

(1)4 (2) 6 

(3)8 (4) 12 

How many “nearest” and “next nearest” neighbou 

respectively, does potassium have in bec lattice ? 

(1) 8,8 (2) 8, 6 

(3) 6,8 (4) 6, 6 

The unit cell of diamond is made up of: 

(1) 6 carbon atoms 4 atoms constitute ccp and two atom 
occupy half of octahedral voids 

(2) 8 carbon atom, 4 atoms constitute ccp and 4 atom 
occupy all the octahedral voids 

(3) 8 carbon atoms, 4 atoms form fece lattice and 4 ato™ 
occupy half of the tetrahedral voids alternately 


101. 


102 In diamond, carbon atom occu 


104. 


105. 


106. 


107. 


108. 


109, 


(4) 12 carbon atoms, 4 atoms forn 
occupy all the tetrahedral holes 

In diamond, the coordination number of 

(1) Four and its unit cell has eight of car 

(2) Four and its unit cell has six carbon 

(3) Six and its unit cell has four carbon atoms 

(4) Four and its unit cell has four carbon atoms 


Carbon js: 
bon atoms 
atoms 


PY fee lattice points as well 


f edge lenght of the unit cell 
rbon atom is: 


(2) 154.14 pm 
(4) 89 pm 


as alternate tetrahedral voids, | 
is 356 pm, then diameter of ca 
(1) 77.07 pm 
(3) 251.7 pm 


. The distance between an octahedral and tetrahedral void in 
fcc lattice would be: 
3a 
(1) Ba (2) ES 
V3a 
a= (4) V3a 
3 4 


In the rock salt AB, of C introduced in tetrahedral voids such 


that no distortion occurs, then formula of resultant compound 
is: 


(1) ABC (2) ABC, 

(3) A,B,C (4) ABC, 

How many tetrahedral holes are occupied in diamond? 
(1) 25% (2) 50% 

(3) 75% (4) 100% 


Total number of voids in 0.5 mole of a compound forming 
hexagonal closed packed structure are 


(1) 6.022 x 107 (2) 3.011 x 10 
(3) 9.034 x 107 (4) 4.516 x 1073 
The melting point of RbBr is 682°C, while that of NaF is 


988°C. The principal reason that melting point of NaF is 
much higher than that of RbBr is that : 


(1) The two crystals are not isomorphous 

(2) The molar mass of NaF is smaller than thet of RbBr 

(3) The internuclear distance r,+r, is greater for RbBr than 
for NaF 

(4) The bond in RbBr has more covalent character than the 
bond in NaF 

Which of the crystals have same general formula ? 

(1) Rock salt type and Anti-fluorite type 

(2) Rock salt type and Fluorite type 

(3) Fluorite type and CsCl type 

(4) Sphalerite type and Rock salt type A,B, or AB. 

A non stiochiometric compound Cu, ,S is formed due to 

incorporation of Cu?" ions in the lattice of cuprous sulphide. 

What percentage of Cu’* ion in the total copper content is 

present in the compound? 

(1) 88.88 

(3) 99.8 


(2) 11.11 
(4) 89.8 


eames ee 
1 fee lattice and 8 atoms 
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117. 


i eit, 7 Solid State 1.81 
In the closest packing of atoms OO 
(1) The size of TV ig greater than that of OV. 

(2) The size of TV is smaller than that of OV. 

(3) The size of TV is equal to that of OV. 

( 


4) The size of TV may be greater or smaller or equal to that 
of OV depending upon the size of atoms, 

In a closed packed structure of mixed oxides, the lattice is 
composed of mixed oxides ions. One-eighth of tetrahedral 
voids are occupied by divalent cations A while one- half 
of octahedral voids are occupied by trivalent cations (B>* ) 
The formula of mixed oxide is 

(1) A,BO, 
(3) A,BO, 


(2) AB,O, 

(4) AB,O, 

If R is the radius of the octahedral voids and r is the radius 
of the atom in close packing, then 7/R is equal to 

(1) 2.41 (2) 4.76 

(3) 3.22 (4) 9.1 


Every atom or ion that forms an fcc unit cell is surrounded 
by 

(1) Six OVs and eight TVs. 

(2) Eight OVs and six TVs. 

(3) Six OVs and six TVs. 

(4) Eight OVs and four TVs. 

Consider the structure of CsC] (8 : 8 coordination). How 


many Cs® ions occupy the second nearest neighbour 
locations of a Cs® ion ? 


(1) 8 (2) 24 
(3) 6 (4) 16 
A TV in fcc is formed by atoms at 


(1) 3 corners + 1 face centre 
(2) 3 face centres + 1 corner 
(3) 2 face centres + 2 corners 


(4) 2 face centres + 1 corner + 1 body centre 


The number of octahedral sites per sphere in fec structure is 
(1)8 (2) 4 
(3) 2 (4) 1 


Which of the following figures represents the cross section 
of an OV? 


(2) ( 


(3) (4) 


1.82 


118. 


119. 


120. 
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The fraction of octahedral voids filled by Al” ions in Al,O, 


(-,3@/Q2- = 9.43) is 

(1) 0.43 (2) 0.287 

(3) 0.667 (4) | 

In the closest packing of atoms, there are 


(1) One tetrahedral void and two octahedral voids per atom 
(2) Two tetrahedral voids and one octahedral void per atom 
(3) Two of each tetrahedral and octahedral voids per atom 
(4) One of each tetrahedral and octahedral void per atom 
If atoms are removed from half of the edge-centred OVs 
in RbBr, then the molecular formula of unit cell is 

(1) Rb,Br, (2) Rb, ¿Br 

(3) Rb, ¿Br (4) Rb,Br, « 


Defects in Crystals 


121. 


122. 


123. 


124. 


125. 


126. 


127. 


Transition metals, when they form interstitial compounds, 
the non-metal;s (H, B, C, N) are accomodated in : 

(1) Voids or holes in cubic-packed structure 

(2) Tetrahedral voids 

(3) Octahedral voids 

(4) All of these 

In diamond, each carbon atom is bonded to four other carbon 
atoms tetrahedrally. Alternate tetrahedral voids are occupied 
by carbon atoms. The number of carbon atoms per unit cell 
is: 

(1) 4 (2) 6 

(3) 8 (4) 12 

If an element (at. mass = 50) crystallises in fcc lattice, with 


a = 0.50 nm. What is the density of unit cell if it contains 
0.25% Schottky defects (use N, = 6 x 10°°)? 


(1) 2.0 g/cc (2) 2.66 g /cc 

(3) 3.06 g/cc (4) None of these 

When light strikes a photographic (AgBr) paper, silver atoms 

move in through these defects to: 

(1) Form —ve images - 

(2) Form tiny clumps of silver atoms 

(3) Form a colour image 

(4) None of the above 

If we mix a pentavalent impurity in a crystal lattice of 

germanium, what type of semicondctor formation will 

occur? 

(1) p-type (2) n-type 

(3) Both (1) and (2) (4) None of these 

Which of the following statements are true ? 

(1) Piezo-electricity is due to net dipole moment 

(2) Ferro-electricity is due to alignment of dipoles in same 
direction 

(3) Pyro-electricity is due to heating polar crystals 

(4) All of the above 

At what angles for the first order diffraction, spacing between 


two planes respectively are à and i 


128. 


129. 


130. 
131. 
132. 


133. 


134. 


135. 


136. 


137. 


(2) 90°, 0° 
(4) 90°, 30° 


(1) 0°, 90° 

(3) 30°, 90° 

Levitation is achieved by 

(1) Mutual repulsion between permanent magnet and Pe 
conductor 

(2) Mutual repulsion between a weak magnet ang 

superconductor i 


U 


(3) A slight attraction between a permanent magnet a ‘| 
superconductor | 


(4) None of these 


Which one posses pervoskite structure ? 
(1) BaTiO, (2) NaMgF, 
(3) BaTiO, (4) NaMg,F 


Due to Frenkel defect, the density of the ionic solids 
(2) Decreases 
(4) Changes 


(1) Increases 
(3) Does not change 


Which of the following is not a ferroelectric compound 
(1) Rochelle salt (2) K,[Fe(CN),] 

(3) BaTiO, (4) KH,PO, 

The material used in solar cells contains 

(1) Cs (2) Si 

(3) Sn (4) Ti 

What type of crystal defect is indicated in the diagram give 
below 

Na® cle Na? cP Na”? 
cP J] ae wna L] cf 
Na® cae CL] ce w” ce 
ce Na® ce Na® |] Na 
(1) Both Frenkel and Schottky defects 

(2) Schottky defect 

(3) Interstitial defect 

(4) Frenkel defect 

Silicon dopped with group 13 and group 15 memtř 
elements is, respectively, called ....... semiconductor 
(1) p-type, n-type (2) n-type, p-type 

(3) p-type (4) n-type 

The electrical conductivity of semiconductor is 


(1) 10° ohm tem"! 

(2) 10? ohm! em! 

(3) In the range of 10° to 10? ohm! em! 

(4) None of the above 

Pure silicon and germanium are 

(1) Conductors 

(2) Insulators 

(3) Semiconductors 

(4) May be any one of the above 

Which of the following is a ferroelectric compound? 
(1) BaTiO, (2) K,[Fe(CN),] 
(3) Pb,O, (4) None of these 


138. 


139. 


140. 


141. 


143. 


Schottky defect to crystals is observed when 

(1) Unequal number of cations and anions 
the lattice. 

(2) Equal number of cations and anions are miss 
the lattice. 

(3) Anion leaves its normal site 
site. 

(4) Density of the crystal is increased. 


are missing from 


ing from 


and occupies an interstitial 


Which of the following has Frenkel defect? 
(1) Sodium chloride (2) Graphite 
(3) Silver bromide (4) Diamond 


To get n-type doped semiconductor, impurity to be added 
to silicon should have the following number of valence 
electrons 


(1)2 (2) 5 

(3) 3 (4) 1 

Superconductors are derived from the compounds of 
(1) p-block elements (2) Lanthanides — 

(3) Actinides (4) Transition elements 


. Asemiconductor of Ge can be made p-type by adding 


(1) Trivalent impurity 


(2) Tetravalent impurity 
(3) Pentavalent impurity 


(4) Divalent impurity 


Which of the following metal oxides is anti-ferromagnetic 
in nature? 

(1) MnO, (2) TiO, 

(3) VO, (4) CrO, 


144. What are types of following semiconductors I and II. 


145, 


(II) 
(1) I= p-type, II = n-type (2) I => n-type, II = p-type 


(3) Both n-type (4) Both p-type 


The structure shown here represents 


( J Cation 
A , 
| ] Anion 
= 
(1) Schottky defect (2) Frenkel defect 
(3) Metal excess defect (4) None 


146. The structure shown here represents 


147. 


148. 


149, 


150. 


151. 


152. 
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AP B9 x? Be 
A? A® = Cation 
AP - Be A» B® = Anion 
e 
@ —( eP e __G 
Be A? — p9 A? 
(1) Schottky defect 
(2) Frenkel defect 


(3) Metal excess defect because of absent anion 

(4) Metal excess defect because of excess cation 

In AgCl, the Ag® ions are displaced from their lattice 
position to an interstitial position. Such a defect is called 
(1) Schottky defect (2) Frenkel defect 

(3) Wadsley defect (4) Colour centre 

NaCl shows Schottky defects and AgCI shows Frenkel 
defects. Their electrical conductivity is due to the 

(1) Motion of electrons and not the motion of ions 

(2) Motion of ions and not the motion of electrons 

(3) Lower coordination number of NaC] 

(4) Higher coordination number of AgCI 

Amorphous solids are classified as 

(1) Isotropic and supercooled liquids 

(2) Anisotropic and supercooled liquids 

(3) Isoenthalpic and supercooled liquids 

(4) Isotropic and superheated solids 

Due of Frenkel defect 


(1) Density of the crystal decreases 


(2) Conduction increases 

(3) Conduction decreases 

(4) Crystal becomes charged electrically 

Which of the following statements is/are correct? 

(1) All ferroelectric solids are piezoelectric. 

(2) All piezoelectric solids are ferroelectric. 

(3) Lead zirconate (PbZrO >) is an antiferroelectric crystal. 

(4) BaTiO, (barium titanate) is a ferroelectric crystal. 

Which of the following statements is/are correct? 

(1) Adiode isacombinationo tp- and n-type semiconductors 
which is used as a rectitier, 

(2) Transistors are sandwich semiconductors of the type 

pnp or npn which are used to detect or amplify radio 
or audio signals. 

(3) Monoxides of transition metals. all of which possess 

NaCl structures, show very large variations in electrical 
properties. 

(4) ReO, has the conductivity as well as appearance like 
that of copper. 


f 


If the radii of Mg", Cs®, O%, S% and CIÈ ions are | 
| 
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153. Which of the following statements 


P 


4 


is/are correct? 


(1) Piezoelectric crystals are used as pick-ups 1 record 
icrophones, ultrasonic 


players, they are also used in mi 
generators, and sonar detectors. 

(2) BaTiO,, Rochelle salt, KH,PO,, and quartz are 
ferroelectric and piezoelectric solids. 

(3) The temperature above which no ferromagnetism is 
observed is called curie temperature. 

(4) The temperature at which the material shows super- 
conductivity is called transition termperature. 


Miscellaneous 
154. Nearest distance between two tetrahedral voids and between 


two octahedral voids are respectively. 


(1) a 3B, (2) BBa 
2 a 4 2 
2 ° J2 2 4 | 


155. In sphalerite and antifluorite type structures, number of 


156. 


157. 


158. 


159. 


tetrahedral voids occupied are respectively. 

(1) 8, 4 (2) 4, 8 

(3) 4, 0 (4) 0, 4 

Choose the correct option for hexagonal close packing of 

sphere in three dimensions 

(1) In one unit cell there are 12 octahedral voids and all are 
completely inside the unit cell. 

(2) In one unit cell there are six octahedral voids and all are 
completely inside the unit cell. 

(3) In one unit cell there are six octahedral voids and of 
which three are completely inside the unit cell and other 
three are from contributions of octahedral voids which 
are partially inside the unit cell. 

(4) In one unit cell there are 12 tetrahedral voids, all are 
completely inside the unit cell. 

In a hexagonal closed packed system of crystals. assume, 

C =2 x distance between two close packed layers, and (r) 

is the radius of every sphere. 


C 
The number of effective atoms and a ratio in this hcp 
j 


unit cell are respectively. 
ayo, 4x fi 
3 


4124x 2 
3 


In rutile structure coordination number of cation and anion 


(1)8, 24V2r 


(3) 12, 242° 


are respectively. 

(1) 6, 3 (2) 3, 6 

(3) 6, 4 (4) 4, 6 

In spinel structure, ratio of tetrahedral to octahedral voids 
occupied and unoccupied are respectively: 

(1) 1:2 and 2:1 (2)7:2 and 1:2 

(3) 2:1 and 2:1 (4) 2:7 and 2:1 


160. 


161. 


162. 


163. 


164. 


165. 


1.69, 1.40, 1.84, and 1.81 A, respectively. The coordin i 
number of the cations in the crystals of CsCl, MgS and M 
are respectively y 
(1) 4, 8 and 6 (2) 6, 4 and 8 

(3) 8, 4 and 6 (4) 6, 6 and 8 

Consider the parallelogram shown in the figure bel 
representing two-dimensional unit cell. If R is the radiu 
larger circle and r is the radius of the triangular hole 


relation between r and R is: 


ore {Fe or-[ $] 


ordz) ord Fa 


There are five types of 2D- lattice which differ in t 
symmetry of arrangement of points. Which of the followin 
2D-lattice is not possble 

(1) Hexagonal (2) Pentagonal 

(3) Parallelogram (4) Rectangular 

Metallic gold crystallises in the fcc lattice. The length oft: 
cubic unit cell is a = 4,242 A. 

Closest distance between two gold atoms and packing fac 
are respectively. 


v2 (2) 1.5 A° L 


(1) 3.0 A°, ii T 


v3 3 


(3) 3.0 A°, a (4) 1.5 A°, = 


Which of the following statements is INCORRECT for® 

diamond structure? 

(1) Each atom has 4 nearest neighbours and 12 next nea® 
neighbours. 

(2) It is relatively empty. 

(3) The maximum proportion of the available volume whi 
may be filed by hard spheres is only 0.34. | 

(4) The maximum proportion of the available volume whi 
may be filled by hard spheres is only 0.46. 

Which of the following statements is/are correct? 

I. Piezoelectric crystals are used as pick-ups in eat 
players, they are also used in microphones, ultraso®" 
generators, and sonar detectors. 

Il. BaTiO}, Rochelle salt, KH,PO,, and qua't? ” 
ferroelectric and piezoelectric solids, | 

II. The temperature above which no ferromagnetis® 
observed is called transition temperature. 


i) 


IV. The temperature at which the materi 
conductivity is called curie temperatu 
(1) 1, H (2) 1, 11, Tv 


al shows super- 
re, 
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Classification of Solids and Their Properties 


l. 


Nw 


las 


= 


An hep and a cep structure for a given element would be 
expected to have 

(1) The same coordination number 

(2) The same density 

(3) The same packing fraction 

(4) All of these 


. Ions of NaCl which are touched by 1 body diagonal are 


(1) CIS ions present at the comer of cube 

(2) CIS ions present at the face centre of cube 
(3) Na® ions present at the edge centre of cube 
(4) Na® present at body centre of cube 


. Which of the following statements is/are correct for both 


fluorite and antifluorite structures? 

(1) Cation is present in alternate TVs. 

(2) Anion constitutes lattice. 

(3) Number of formula unit in one unit cell is 4. 
(4) 100% tetrahedral voids are occupied. 


Identical spheres are undergoing two-dimensional packing 


in square close packing and hexagonal close packing. Which 
is correct regarding the spheres? 


(1) The ratio of coordination number for a sphere in first 
case to that in second case is 2 : 3. 


(2)Packing in second case is more effective. 
(3)Packing in first case is more effective. 


(4)The stacking of layer on first type packing produces 
simple cubic structure. 


- For which of the following cases, answer is 4? 


(1) Coordination number of Zn% in Zinc blende 
(2) Number of body diagonal planes in a cube 
(3) Formula units in rock salt structure 

(4) Formula units in CsCl structure 


- An octahedron has 
(1) 8 corners 
(3) 8 edges 


3 
- Aluminium metal has a density of 2.72 g cm ~ and 


(2) 8 faces 

(4) 12 edges 

crystallizes in a cubic lattice with an edge of 404 pm. Which 
is/are correct? 

(1) It forms an fcc unit cell. 

(2) It forms a bec unit cell. 


(3) Its coordination number is 8. 


{4) Its Coordination number is 12. 


ae 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


. If the radius of anion is 0.20 nm, the m 
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aximum radius of 


cations which can be filled in respective voids is correctly 


matched in 


(1) ra ~ 0.0828 nm for tetrahedral void 
(2) re 
(3) Fo 


0.045 nm for triangular void 


0.1464 nm for octahedral void 
(4) None of the above 


» Select the correct statement(s) about three-dimensional hep 


system. 
(1) The umber of atoms in hep unit cell is six. 

(2) The volume of hep unit cell is 24,/7 r. 

(3) The empty space in hcp unit cell is 26%, 

(4) The base area of hep unit cell is 6/3 y2 

In which of the following systems primitives a + h + c? 
(1) Orthorhombic 
(3) Triclinic 


(2) Monoclinic 


(4) Hexagonal 
In which of the following systems interfacial a 


ngles 
a = y = 90° but B + 90°? 
(1) Monoclinic (2) Rhombohedral 
(3) Triclinic (4) Hexagonal 
The space in which atoms are not present in unit cell is 


(1) In sc 48% 
(3) In bec 32% 


(2) In fec 26% 

(4) In hexagonal 26% 

Which of the following having their radius ratio between 
0.414 and 0.732, i.e., for NaCl Structure. have their radius 
ratio not in this range but possess NaC l-type structure? 
(1) LiBr (2) KC] 

(3) RbCI (4) BaO 


In the fluorite structure if the radius ratio is | 


è : \ 

many ions does each cation touch? \ 
(1) 4 anions (2) 12 cations 
(3) 8 anions (+) No cations 


~ e n Ð © ad a 
If the radius of Cs” = 1.69 A and Bre = 1.95 A. then which 
of the following is/are correct statement? 


(1) The edge length of unit cell is 4.2 À. 

(2) The coordination number for Cs® is 6. 
(3) CsBr has bee-type structure. 

(4) Br° ions touch each other along the edge 


Given is the arrangement of atoms in a crystallographic 
plane. . , 
: 4 ` ry » 
Which plane correctly represent(s) 4 \ 
the adjacent drawn structure? 
(1) Face plane in fee | 
(2) Body diagonal plane in tee PN in gO 
(3) Face plane in bee 


(4) Body diagonal plane in bec eee” 


1.86 


17. 


18. 


19. 
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21. 
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25. 
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Physical Chemistry 
Graphite is 

(1) A good conductor 
(3) An amorphous solid 


(2) sp? hybridized 
(4) A covalent crystal 


Diamond is 
(1) A covalent solid 
(3) A lubricant 


The density of KBr is 2.75 g cm ` 
cell is 654 pm. Atomic mass of K = 39, Br = 
is true about the predicted nature of the solid? 


(2) A non-conductor 

(4) sp" hybridized 

3 The length of the unit 
80. Then what 


(1) The unit cell is fec. 

(2)Z=4. 

(3) There are four constituents/unit cells. 

(4) There are 8 ions at corners and 6 at the centres of the 
faces. 

What is true about a bcc unit cell? 

(1) The number of atoms in the unit cell is 2. 

(2) In addition to an atom at the centre of the body, in a 
unit cell there are 8 atoms at 8 different corners. 


(3) One-eighth of an atom at a corner of the unit cell. 
(4) None of the above. 


What is true about simple cubic type of unit cells? 

(1) Eight ‘ieee are at different corners of the cube. 
(2) Zog 

(3) C Sass by one corner is 1/8th of an atom. 

(4) None of the above. 


Which of the following is/are covalent solids? 


(1) Fe (2) Diamond (3) NaCl (4) Graphite 
Which is/are not amorphous solid(s)? 
(1) Rubber (2) Graphite (3) Glass (4) Plastics 


Which is/are correct statement ? 

(1) Packing fraction in 2D-hcp is 0.785 
(2) Packing fraction in AAA..... is 0.52 
(3) Packing fraction in ABAB..... is 0.74 
(4) Void fraction in ABCABC....... is 0.26 


Given : Radius of A** = 100 pm; Radius of C? = 240 pm; 
Radius of B% = 300 pm; Radius of DÊ = 480 pm Which is/ 


are correct statement ? 
(1) Coordination number of A?” in compound AB is 4 


(2) Coordination number of A” in compound AB is 6 


(3) Coordination number of C® in compound CD is 6 
(4) Coordination number of C® in compound CD is 8 


If the three interaxial angles defining the unit cell are all 
equal in magnitude, the crystal cannot belong to the 
(1) Orthorhombic system (2) Cubic system 


(3) Hexagonal system (4) Triclinic system 
Crystal systems in which no two axial lengths are equal 
are: 
(1) Tetragonal 


(3) Monoclinic 


(2) Orthorhombic 
(4) Triclinic 


28. 


29. 


Given is the arrangement of atoms in crystallog, 
plane. Which plane correctly represent(s) the dra 


structure? 


a 
(1) Face plane in fcc (2) Body diagonal plane in 
4 


(3) Face plane in bec (4) Body diagonal plane inh 
Vi 


Potassium crystallizes in body-centred cubic lattice. Ther 
(1) The distance between nearest neighbors is 4.50 Å 
(2) The distance between next-nearest neighbors is 5.29 | 
(3) Each K have nearest neighbors equal to 4. 

(4) Each K have nearest neighbors equal to 6. 


Tetrahedral and Octahedral Voids 


30. 


31. 


32. 


33. 


Position of OVs in an fcc structure is 

(1) Corners of unit cell 

(2) Edge centre of unit cell 

(3) Body centre of unit cell 

(4) Face centre of unit cell 

For the spinel structure (MgALO,), the correct statemen 
is/are 

(1) 50% OVs are occupied by ions. 

(2) AI” is equally distributed in TVs and OVs. 
(3) Oxide ions occupy ccp lattice. 

(4) 12.5% TVs are occupied by ions. 


Following three planes (P,, P,, P;) in an fcc unit cell a 
shown in the figure below. Consider the following statemen 
and choose the correct wv, that follow: 


(1) P, contains no three-dimensional voids. 

(2) P, contains only octahedral voids. 

(3) P, contains both octahedral and tetrahedral voids. 
(4) All of these 

Position of octahedral voids in fcc structure is/are 
(1) Edge centre of unit cell 

(2) Body centre of unit cell 

(3) Corners of unit cell 


(4) Face centre of unit cell 
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34, Position of TVs in closest packed structure is/are 


(1) Edge centre of unit cell (4) Octahedral voids are formed when the triangular voids 


in the second layer exactly overlap with similar voids 


(2) Two TVs on each body diagonal in the first layer 


(3) Position of each TV from corner is V3a/4. 40. The co-ordination number of fec structure for metals is 12, 
(4) Face centre of unit cell since 


(1) Each atom touches 4 others in same layer, 3 in layer 


35. Which of the following statements is/are correct about TVs above and 3 in layer below 


i fcc unit cell? 
ILAR l (2) Each atom touches 4 others in same layer, 4 in layer 
(1) Number of TVs per atom in fec unit cell is 2. 


above and 4 in layer below 
(2) Number of TVs per unit cell is 8. 


(3) Each atom touches 6 others in same layer, 3 in layer 


(3) Number of TVs is twice the number of atoms in the fcc above and 3 in layer below 


unit cell. 


(4) Number of TVs is equal to the number 
fcc unit cell. 


(4) Each atom touches 3 others in same layer, 6 in layer 
of atoms in the above and 6 in layer below 


41. In the unit cell of NaCl, which of the following statement 

36. Which of the following statements is/are correct about TVs ane corraot? 
in an fcc unit cell? (1) Na ions have six CI® ions in its nearest neighbourhood 
Given: Edge length = a (2) CIP ion have six Na® ion in its nearest neighbourhood 
Body diagonal = b (3) Second nearest neighbour of Na® ion are twelve Na? 


(1) Each TV lies at a distance b/4 from the nearest corner. ions 

(2) Each TV lies at a distance 34/4 from the farthest corner. (4) NaCl has 68% of occupied space. 

(3) Each TV lies at a distance of /3a/4 from the nearest 42. Sodium oxide Na,O is a crystalline solid. It has: 
comer. 


(1) Antifluorite structure 
(4) The distance between two TVs is 5/2. (2) Na ions are present at body diagonals 


37. If the radius of Na® is 95 pm and that of CIÈ ions is 181 pm (3) Na® ions are present at tetrahedral voids 
then: 


(4) O% ions are present at octahedral voids 
(1) Co-ordination no. of Na® is 6 


43. Select the correct statements among the following : 
(2) Co-ordination no. of CIÈ is 8 


. . . a 
(3) Length of the unit cell is 552 pm (1) Nearest neighbour distance in NaCl = 5 
(4) Length of the unit cell is 380 pm aV3 
38. Select the correct statement(s): (2) Nearest neighbour distance in — 4 
(1) A NaCl type AB crystal lattice can be interpreted to be av3 
of two indiviadual fcc type unit lattice of A® and B® (3) Nearest neighour distance in Na,O = 
fused together in such amanner that the corner of one . = 
unit lattice becomes the edge centre of the other (4) Nearest neighour distace in CsCl = £ = 


(2) In a fcc unit cell, the body centre is an octahedral void , = 
Defects in crystals 
(3) In an sc lattice, there can be no octahedral void 44. Which of the following statements is/are correct? 
(4) In an sc lattice, the SOPI cen eR OO (1) Dislocation of ion from lattice site to interstitial site is 
39. Which of the following is not true about the voids formed called Frenkel defect. 

in 3 dimensional hexagonal close packed structure ? (2) Missing of +ve and —ve ions from their respective 


(1) A tetrahedral void is formed when a sphere of the position producing a pair of holes is called Schottky 
Second layer is present above triangular void in the first defect. 
layer (3) The presence of ions in the vacant interstital sites along 
(2) All the triangular voids are not covered by the spheres with lattice point is called interstital defect. 
of the second layer (4) Non-stoichiometric NaCl is yellow solid. 
(3) Tetrahedral voids are formed when the triangular voids 45. Select the correct statement(s). 


in the second layer lie above the triangular voids in the 
first layer and the triangular shapes of these voids do 
not overlap 


(1) The conductance through electrons is called p-type 
conduction. 
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(2) The conductance through positive holes is called 
p-type conduction. 

(3) The conductance through electrons is called n-type 
conduction. 

(4) The band gap in germanium is small. 

Select the correct statement(s). 

(1) Solids with F-centres are paramagnetic. 

(2) Ferrimagnetic character of Fe,O, at room temperature 
changes to paramagnetic character at 850 K. 

(3) Anti-ferrimagnetic V,0, changes to paramagnetic at 
150 K. 

(4) Non-stoichiometric Cu,O is a p-type semiconductor. 


Non-stoichiometric compounds are 

(1) Cu,O (2) Cu,S 

(3) FeO (4) Hg,Ba,YCaCu,0, 
Recently discovered superconductivity materials are 

(1) M,C,, (2) YBa,Cu,O, 

(3) SiC (4) Hg,Ba, YCaCu,O, 

If a mixture of LiCl and NaC] is melted and then cooled, 


(1) A solid solution is formed. 

(2) Mixture formed is called eutectic mixture. 

(3) TiO, , is non-stoichiometric solid solution of Ti,O, and 

Ti0,,. 

(4) Neither LiCl nor NaCl separates. 

Which of the following statements is/are correct? 

(1) If three Fe” ions are missing from their lattice in FeO, 
then there must be two Fe** ions somewhere in the 
lattice. 

(2) Crystals with metal deficiency defects are called super 
conductors. 

(3) Crystals with metal deficiency are called semiconductors. 

(4) 1 Bohr Magneton = 9.27 x 107%% A m? 

Select the correct statement(s). 

(1) The non-stoichiometric form of NaCl is yellow and that 
of KC! is blue-lilac. 

(2) Solids containing F-centres (Farbe) are paramagentic. 

(3) Non-stoichiometric compounds are called Berthollide 
compounds. 

(4) Conduction by electrons is called n-type semiconductors. 

A mineral having the formula AB, crystallizes in the ccp 

lattice, with A atoms occupying the lattice points. Select the 

correct statement(s). 

(1) The coordination number (CN) for A atoms = 8. 

(2) The CN for B atom = 4. 

(3) 100% of TVs are occupied by B atoms 

(4) 50% of TVs are occupied by B atoms. 

An excess of potassium ions makes KCI crystals appear 

violet or lilac in colour since..... 

(1) Some of the anionic sites are occupied by an unpaired 
electron 


55. 


56. 


bods ok , | 
(2) Some of the anionic sites are occupied by a Pair } 
electrons | 


(3) There are vacancies at some anionic sites 


(4) F-centres are created which impart colour to i 
crystals l 


_ The correct statement(s) regarding defects in SOlidg 


(are): 
(1) Frenkel defect is usually favoured by a very sty 
difference in the sizes of cation and anion | 


(2) Frenkel defect is a dislocation defect 


(3) Trapping of an electron in the lattice leads to i 
formation of F-centre 


(4) Schottky defects have no effect on the physic, 
properties of solids. 


The correct statement(s) for alkali halides is/are: 
(1) Metal excess defects make NaCl yellow. 


(2) Metal excess defects make LiCl, NaCl and Ke 
coloured. 


(3) Metal excess defects make NaCl yellow but has y 
effect on LiCl 


(4) Metal excess defects make both NaCl and KC 
coloured. 


Which of the following is/are correct about the pom 
defects? 


(1) In frenkel defect, the dielectric constant of solii 
increases 


(2) In Schottky defect, the density of solid decreases 
(3) In Frenkel defect, the density of solid decreases 


(4) In Schottky defect, the dielectric constant of soli 
increases 


. Which of the following statements are correct? 


(1) Ferrimagnetic substances lose ferrimagnetism 
heating and become paramagnetic. 


(2) Ferrimagnetic substances do not lose ferrimagnet” 
on heating and remain ferrimagmetic. 


(3) Antiferromagnetic substances have domain structu 
similar to ferromagnetic substances and their magnet 
moments are not cancelled by each other. 


(4) In ferromagnetic substances, all the domains & 
oriented in the direction of magnetic field and remalt 
as such even after removing the magnetic field. 


- Superconductors are technologically and commercial! 


important substances. The correct information(s) abo" 
such conductors are: 


(1) Phenomena of Superconductivity was first discove™ 
by Kammerlingh and Onnes 


(2) Mercury acts as Superconductor at 4 K 
(3) Superconductors offer zero resistance at zero kel” 


(4) Gallium acts as Superconductor at 4 K 


= ‘inked Comprehension Type Ill 


paragraph k n aarios of minerii cane , 

The “OLIVINE series of minerals consists of crystals in which 
-X and Mg” ions may substitute for cach other c 
_pstitutional impurity defects without changing the vol 
anit cell. In “OLIVINE series of minerals, oO? ions exist as 
feo with Si” occupying one-fourth of OVs and divalent metal 
ions occupying one-fourth of T Vs. The density of “forsterite” 
(magnesium silicate) is 3.21 gcm” and that of “fayalite” (ferrous 
silicate) i$ 434 gcm `. 


ausing 


1. The formula of “fayalite mineral” is: 
(1) Fe,SiO, (2) FeSiO, 
(3) Fe,SiO, (4) FeSiO, 

2. If in “forsterite mineral” bivalent Mg?” ions are to be 
replaced by unipositive Na® ions, and if Na® ions are 
occupying half of TVs in fcc lattice, the arrangement of rest 
of the constituents is kept same, then the formula of the new 


solid is: 
(1) Na,SiO, (2) Na,SiO, 
(3) Na,Si0, (4) Na,Si,O, 


3. The percentage of “fayalite” in an “OLIVINE” with 
density 3.88 gcm ° approximately is: 


(1) 75% (2) 59% 
(3) 35% (4) 29% 
Paragraph 2 


AX, AY, BX, and BY have rock salt type structure with following 
internuclear distances: 


4. Ionic radii of AÊ and B®. respectively, are 


(1) 0.35 and 0.68 A (2) 0.68 and 0.35 A 

(3) 1.20 and 0.80 A (4) 0.80 and 1.20 A 
5. Ionic radii of X® and Y®, respectively, are 

(1) 0.35 and 0.68 A (2) 0.68 and 0.35 A 

(3) 1.20 and 0.80 A (4) 0.80 and 1.20 A 


6. The structure given below is of 


CC) 
- 


(1) AX (2) AY, BX 
(3) AY, BX, BY (4) AY, BX, BY, and KCI 
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ume of 


7. Which of the following structure is, respectively, by AX? 


Y 


P 


~ 


\ 


WH 
By 
XK 


8. A salt MY crystallizes in the CsC] structure. The anions at 
the corners touch each other and cation is in the centre. The 
radius ratio (Fato) for this structure is 


(1) 0.225 (2) 0.414 
(3) 0.732 (4) 1.0 
Paragraph 3 


The length of a unit cell (a) in the Ni crystal is 0.352 nm. The 
diffraction of X-rays of 0.154 nm wavelength (4) from a Ni crystal 
occurs at 22.2°, 25.9°, and 38.2°. By using Bragg’s law, (nz = 
2d sin 9), and assuming that the diffractions are first order (7 = 1). 
the distances are calculated to be 0.204 nm. 0.176nm and 0.124 nm. 
The various structures for the Ni crystal are represented as: 


(I) 


AD 

9. The distance (d) of 0.204 nm represent which structure? 
(1)1 (2) ll 
(3) Ill (H All 

10. The distance (d) of 0.176 nm represent which structure? 
(1) 1 (2) Il 
(3) ll (4+) None 

11. The distance (d) of 0.124 nm represent which structure? 
(1)1 2) 
(3) Ul (4) All 


ee ae 
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12. Which of the following statements is correct? 
(1) I represents sc-type structure 
(2) Il represents bcc-type structure 
(3) III represents both sc- and bec-type structure. 
(4) All figures represent fcc-type structure. 


Listienatcrtpe TET 


This section contains questions each with two columns—I 
and II. Match the items given in column I with that in 
column II. 


| Column TI 


4 


JANN 


| 
J 


Column I 
Compounds 


Column ~ 


Elements of symmetry ns touched (In NaCl 
(For a cube) structure) 


a. | Body diagonal 


C, axis (tetrad axis) 


Io 
P- | Only 2 face centre ions 


q. | Only 2 corners ions 


Body centre ion 


Fel(Fe" Fe"ho, p. 


Rutile structure 


Uon 
| Co (Co )0O, _ 


Mg"Al "O, and |q. 


Name of structure ~ 


Inverse 2 : 3 spinel structar 


MnO, and SnO, r. 


Normal 2 : 3 spinel structure 


Perovskite structure 


Only one octahedral void 


ha F-centres 


Column IT 


Extra cations present in 
interstitial sites 
iaat 


Some cations are replaced 


d. BaTiO, 


e. CaF, and SrCl, t. 


Fluorite-type structure 


by one of higher valence 


defect 


missing from lattices 


Both cations and anions are 


Schottky defects 


Column I 


Type of crystal structure 


s. | Electrons trapped in 
anionic vacancies 


Column H 
Type of plane 


Column! | Column) 
a. | Even valueofh+kt+/ |p. AgBr | 
b. Substances having both | q. Insulator 
Schottky and Frenkel 
defects 
|€. | Devices that convert r. bcc structure 
electrical energy to | 
mechanical strain and 
vice versa . 
d. Materials having s. | Piezoelectric 
| conductivity range crystal 
1010" Sm! 
t Substances having a t. NaCl 
rutile structure 
a + 
f. | Substance having lu. Coordination 
| Schottky defects number 6 : 3 
Column I Column i  ___; 
Types of crystal Location of cations/anions _ 
a. Na,O p. | Anions = fcc 
Cations = Alternate TVS 
[b CaF, q. | Anions = fcc 
sad Cations =All TVs 
c. | ZnS r. | Cations = fcc 
| | | Anions = All TVs 
d. | NaCl s. | Anions = fcc i | 
; 1 ovs 
Cation = —TVs+7 | 
= ha 
e. | Spinel (MgALO,) | t. | Anions = hcp | 
Cations = 2/3 of OVS 
Corundum Anions = fcc 


Cations = All OVs — ~ 


b 


we 
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\ ror Q.7 to Q10: Answer the question given below by appropriately matching the information given in three column of the 


following table ees 
mab Column | 


Peer HL! ape ieee Column I COMEM: oe - 
| Statement Characteristics (1) Characteristics (II) 
alin the FCC unit cell, two voids are |i All octahedral voids are p | Coordination number = 4:4 
formed on cach non parallel body empty 
diagonal of the cube | 
[b | In the FCC unit cell voids are ii 4 void / unit cell ( Nearest distance between two atoms = 
formed at the body centre of the t 3 4 
cube and on edge centre 
4 
aa Re eee — 
c FCC structure with 4 more atoms iii 8 void / unit cell r Nearest distance between two voids = 
that are present in the alternate a 
tetrahedral voids 
tetra B 
Li — 


i S | 
i d CCP arrangement in which A^ ion 

| form FCC and each B% ion is 
surrounded tetrahedrally by A% ions 
and vice versa. B% ions are in 
alternate tetrahedral voids 


iv Packing efficiency = 34% 


un 


Nearest distance between two voids = p 
x Body diagonal 


Nearest distance between two voids = 


J3a 


2 


at all faces of cubical crystal is 6 x 10°”, then the area of 
one face of cubical crystal is A x 10'° m”. Find the value 


. O” ions are arranged in ccp in a spinel structure. A~ ions 


occupy 1/8 of TVs and B® ions occupy half of OV. The void 
volume of unit cell = 0.11 A. Find the value of A. 


Find the coordination number of Na~ in Na O. 


A bcc lattice is made up of hollow spheres of B. Spheres 
of solids A are present in hollow spheres of B. The radius 
of A is half of the radius of B. The ratio of total volume of 


D E ia 
A26 ici: 
7. Which of the following combination correctly represents 
the Tetrahedral voids? 
(1) a—iii—s, t (2) a—iii—s of A. 
(3) b—iii—i (4) b—ii—p 3 
8. Which of the following combination correctly represents 
the Octahedral voids? 
(1) a—iii—s (2) b—ii—s 
(3) c—iv—q (4) b—ii—r 4. 
9. Which of the following combination correctly represents 5, 
the structure of “diamond cubic”? 
(1) a—iiit (2) c—iv—q 
(3) c—iv—r (4) d—i—p 
10 


- Which of the following combination represents crystal 
structure of Sphalerite type? 
(1) a—i—p (2) b—ii—r 6 
(3) d—i—p (4) d—i—r 


Numerical Value Type [| 


L. If a solid A®B® having ZnS structure is heated so that 
the ions along two of the axis passing through the face 
centre particles are lost and bivalent ion (Z) enters here to 
maintain the electrical] neutrality, so that the new formula 
unit becomes A B Z, report the value of x + y + c. 


- Metal M of radius`50 nm is crystallized in fcc type and made 
| cubical crystal such that face of unit cells aligned with face 
| of cubical crystal. If the total number of metal atoms of M 


a 


spheres of B unoccupied by A ina unit cell and volume of 


unit cell is A x a Find the value of A. 


Give the total score of the correct statements of the 
following. 


Statements Score | 
In an antifluorite structure, cations are l 
present in all TVs. 


If the radius of cation is 0.35 pm and that 2 
of anion is 0.95 pm, then the CN of the 
crystal is 4. 


mnt Dk i | 
c. | Anatom or ion is transferred froma lattice 3 


Site to an interstitial position in Frenkel | 
defect. | | 


The density ofa crystal always decreases! 4 
in point defects. | 
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7. Give the total score of the correct statements of the 9. Caesium atoms are the largest naturally occurting 

The radius of Cs atom is 2.6 A. The number of nt 
Cs atoms to be laid side by side to give a row ote Oley, 
2.50 cm long is x X 10`". Find the value of x, S ay) 


following. 


Statements 
First two nearest neighbour distances for sc 
lattice are, respectively, a and Vv 2a. 


Note: For Q.10, the integer value is between 10 and 20 


10. The following figure shows the unit cell ofa compound, 
a mixed oxide of yttrium, barium, and copper. The a 
of mixed oxide is Y ,Ba,Cu,0,. My 
Find the value of (a + b + c + d). 


First two nearest neighbour distances for 


bec lattice are, respectively, aa and a. 


In ZnS (wurtzite), Zn? ions occupy lattice 
point while in ZnS (zinc blende), Zn?" ions 
occupy alternate TVs. 


d. | In point defects, volume and geometry of 


_| the crystal do not change. 


8. In the figure given below, four parallelograms are shown. 
How many parallelograms are unit cells? 


Cuo = at corner 
O @ = Oxygen (edge center. 
u tere, 
Ba ™ = body center 
Y @ = body center 


l Cu 
@ (d ® @ 
| A | 
oo e @ )__@—— Cu 
e e e è 11. A solid has a structure in which X atoms are located at ci 
corners of unit cell, O atom are at the edge centres ani 
n . i 7 atoms at cube centre. 
Then the formula of compound is X,Y,O.. 
If two atoms of O are missing from any of two edge cen 
à j i s per unit cell, then the molecular formula is X,Y,0_ 
Then, find the value of (x+y + 2) — (a + b +c). 
UE = See O 
JEE MAIN 5. Lithium forms body centred cube structure. The length o 
: side of its unit cell is 351 pm. Atomic radius of the lits 
Single Correct Answer Type wie i 
1. Copper crystallises in fcc with a cell length of 361 pm. What (1) 300 pm (2) 240 pm 
i ea T (3) 152 pm (4) 75pm (AIEEE MÍ 
6. Whi i i stals 24 
(3) 181 pm (4) 108 pm (AIEEE 2009) ae - n following exists as covalent cry 
2. Percentage of free space in cubic close packed structure and ; 
uml: (1) Sulphur (2) Phosphorus j 
in body centred structure are respectively: (3) Iodine (4) Silicon (JEE Main 28 
0 0 2 0 ; 
she - ste K me a pn 7. Experimentally it was found that a metal oxide has form” 
(3) 26% and 32% (4) —_ (AIEEE 2010) Mp 930). Metal M, is present as M?* and M” in its frat 
i : 3+ 
3. The edge length of a face centred cubic cell of an ionic Hsi which exists on mous be. 
substance is 508 pm. If the radius of the cation is 110 pm, (3) pai 7 ee (JEE Main yl 
di f the anion is: R 08% | r 
mi ore ° (2) 288 pm 8. CsCl crystallises in body centred cubic lattice. If i A 
s r edge length then which of the following expressi? 
(3) 398 pm (4) 618 pm (AIEEE 2010) ean 


4. Ina face centred cubic lattice, atom A occupies the corner 
sitions and atom B occupies the face centred positions. If av3 
2 


= a3 
(2) ros tor av3 


- . ( l ) ri, HF = 

one atom of B missing from one of the face centred points, Cst Cr 

the formula of the compound is: a i m 
(1) A,B (2) AB, st + lor = 3a (4) r < + r = = 


(3) A,B, (4) A,B, (AIEEE 2011) E ot 


ee 


sodium metal crystallizes in a body-centr 
> © th a unit cell edge of 4.29 A The radius 


of sodium atom 
is approximately: 


(1) 1.86A (2) 3.22 A 

(3) 5.72 A (4) 0.93 A (JEE Main 2015) 
i Which of the following compounds is metallic and 

ferromagnetic? 

(1) MnO, (2) TiO, 

(3) CrO, > (4) VO, (JEE Main 2016) 
11, A metal crystallizes in a face centred cubic structure. If 


the edge length of its unit cell iş ‘a’, the closest approach 
between two atoms in metallic crystal will be: 


(2) 2/24 
Ca 


aD) 


Presence of cations in the 


(1) 2a 


(3) V2 a 


(JEE Main 2017) 


Which type of ‘defect’ has the 
interstitial sites? 

(1) Vacancy defect 

2) Frenkel defect 

(3) Metal deficiency defect 

(4) Schottky defect 


re 


12. 


(JEE Main 2018) 
JEE ADVANCED 


Single Correct Answer Type 


1. The packing efficiency of a two-di 


mensional square unit 
cell shown below is 


(1) 39.27% 


(2) 68.02% 
(3) 74.05% 


(4) 78.54% 
(IIT-JEE, 2010) 
2. A compound M,X, has cubic close packing (ccp) 
arrangement of X. Its unit cell structure is shown below. 
€ empirical formula of the compound is 


(2) MX, 
(4) MX 4 
(IIT-JEE-2012) 


ed cubic lattice 
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3. Experimentally it was found that a metal oxide has formula 
Moog O. Metal M, is present as M2* and M3 in its oxide. 
Fraction of the metal which exists as M2" would be : 


(1) 4.08% (2) 6.05% 
(3) 5.08% (4) 7.01% 
(JEE Advanced, 2013) 
4 


. If the unit cell of a mineral has cubic close packed (ccp) 
array of oxygen atoms with m fraction of octahedral holes 
occupied by aluminum ions and n fraction of tetrahedral 
holes occupied by magnesium ions, m and n. respectively, 


are 
(1) ee (2 ze 
2’ 8 ea 
» 4 P. 
(3) 23 ) V3 
(JEE Advanced, 2015 ) 


Multiple Correct Answers Type 


1. Which of the following statements regarding defects in solids 
-is/are correct? 
(1) Frenkel defect is usually favoured by a very small 
difference in the sizes of cation and anion. 
(2) Frenkel defect is a dislocation defect. 
(3) Trapping of an electron in the lattice leads to the 
formation of F-centre. 
(4) Schottky defects have no effect on the physical 
Properties of solids. (IIT-JEE 2009) 
2. The CORRECT Statement(s) for cubic close packed (ccp) 
three dimensional structure is(are) 
(1) The number of the neighbours of an ato 
topmost layer is 12. 
(2) The efficiency of atom packing is 74%, 
(3) The number of octahedral and tetrahe 
are | and 2 respectively, 


m present in the 


dral voids per atom 


(4) The unit cell edge length is 2 


V2 times the radius of the 
atom. 


(JEE Advanced. 2016) 
Numerical Value Type 
1. Find the number of hexagonal faces 
truncated octahedral. (IITJEE 2011) 
2. A crystalline solid of a pure substance has a face-centred 
cubic structure with a cell edge of 400 pm. If the density of 


the substance in the crystal is 8 g cm™, then the number of 
. The value 


atoms present in 256 g of the crystal is Vx 10% 
(JEE Advanced 2017) 


that are present in a 


of N is 


3. Consider an ionic solid MX with NaC! struct 


ure. Construct 
a new structure 


(Z) whose unit cell is Constructed from the 
unit cell of MX following the seq 


below. Neglect the charge balane 
(1) Remove all the anions 
(ii) Replace all the t 


ential instructions given 

Q, 

(X) except the central one 

ace centered cations (M) by anions (X) 

(iii) Remove all the corner cations (M) 

(iv) Replace the central anion (X) with cation (M) 

, i | number of anions | 

The value of — 
number of cations 


in Z is 


Wes 


EXERCISES 


Single Correct Answer Type 


l. (2) 3. (2) 4. 
6. (4) 8. (2) 9; 
11. (3) l 13. (2) l4. 
16. (4) | 18. (3) 19. 
21. (2) 2 23. (4) 24. 
26. (2) 27. 28. (1) 29. 
31. (3) 32. 33. (4) 34. 
36. (4) 37. 38. (2) 39. 
41. (2) 42. (1) 43. (1) 44 
46. (2) 47. (2) 48. (2) 49. 
51. (1) 52. 53. (2) 54, 
56. (4) 57. (2) 58. (2 59 
61. (4) 62. (2) 63. (1) 64 
66. (2) 67. (4) 68. (2) 69. 
71. (3) 72. (4) 73. (2 74. 
76. (3) 77. (3) 78. (3) 79. 
81. (1) 82. (2) 83. (4) 84 
86. (4) 87. (2) 88. (4) 89. 
91. (2 92. (1) 93. (2) 94. 
96. (2) 97. (3) 98. (2) 99. 
101. (1) 102. ( 103. (4) 104 
106. (3) 107. (3) 108. (4) 109 
111. (4) 112. (1) 113. (1) 114 
116. (4) 117. (1) 118. (3) 119 
121. (4) 122. (3) 123. (2) 124 
126. (4) 127. (3) 128. (1) 129 
131. (2) 132. ( 133. (2) 134 
136. (2) 137. (1) 138. (2) 139 
141. (1) 142. (1) 143. (1) 144 
146. (2) 147. (2) 148. (2) 149 
151. (1, 3, 4) 152. (1, 2, 3, 4) 
153. (1, 2, 3, 4) 154. (3) 155. 
157. (2) 158. (1) 159. (2) 160. 
162. (2) 163. (1) 164. (4) 165. 
Multiple Correct Answers Type 
1. (1, 3) 2. (1, 4) 
4.(1, 2, 4) 5. (1,3) 
7.(1,4) 8. (1,2,3) 
10. (1, 2, 3) IL. (1,2) 
13. (1, 2, 3, 4) 14. (2, 3) 
16. (1, 4) 17. (1, 2, 4) 
19. (1, 2, 3, 4) 20. (1, 2, 3) 
22. (2, 4) 23. (2) 
25. (1,3) 26. (3, 4) 
28. (1, 4) 29. (J, 2, 4) 
31. (1, 3, 4) 32. (1, 2, 3, 4) 
34. (2, 3) 35. (1, 2, 3) 


_Answers Key 


(1) 5. (3) 
(1) 10. (4) 
(2) 15. (3) 
(3) 20. (4) 
(1) 25. (2) 
(2) 30. (2) 
(3) 35. (3) 
(2) 40. (3) 
(2 45. (1) 
(2 50. (1) 
(1) 55. (3) 
(3) 60. (2) 
(1) 65. (3) 
(2) 70. (1) 
(1) 75. (3) 
(4) 80. (3) 
(2) 85. (4) 

(2) 90. (4) 
(1) 95. (3) 
(2) 100. (3) 
(2) 105. (2) 
(2) 110. (2) 
(3) 115. (2) 
(2) 120. (3) 
(2) 125. (2) 

. (2) 130. (3) 
. (1) 135. (3) 
. (3) 140. (2) 
. (2) 145. (1) 
. (1) 150. (2) 

(2) 156. (2) 
(3) 161. (3) 
(1) 

3. (3,4) 

6. (2, 4) 

9. (1,2,3,4) 
12. (1,2,3,4) 
15. (1, 3) 

18. (1, 2, 4) 
21. (1,2,3) 
24. (1,2,3,4) 
27. (2, 3, 4) 
30. (2, 3) 

33. (1,2) 

36. (1, 2, 3, 4) 


37. (1,3) 38. (1, 2, 3) 39. (3, 4) 
40. (2, 3) 41.(1, 2, 3) 42. (1, 2, 3) 
43. (1,2,3,4) 44. (1,2,3,4) 45. (2, 3, 4) 
46. (1, 2, 3, 4) 47.(1, 2, 3, 4) 48. (1, 2, 4) 
49,(1, 2,3, 4) 50. (1, 3, 4) 51 (1, 2, 3, 4) 
52. (1, 2, 3) 53. (1,4) 54. (2, 3) 
55. (1,2,4) 56. (1, 2) 57. (1, 4) 
56. (1, 2, 3) 
Linked Comprehension Type 
1. (1) 2. (3) 3. (2) 4. (1) 5. (3) 
6. (4) 7. (1) 8. (3) 9. (3) 10.(1) 
11. (2) 12. (4) 
Matrix Match Type 
Q. No. | a | b c j eœ f Ts 
l. q; T,S | p, r,s r — Bat 
| 2. s P | q Bn | — | + 
j [2 2 n i ee 
3. q p S | r | t — | 
4. | q r | Pp t — — 
5. r | p S u t = 
6. {a | r p S t = 
7. (1) 8. (4) 9. (2) 10. (4) 
Numerical Value Type 
1. (7) 2. (2) 3. (2) 4. (4) 5. (7) 
6. (6) 7. (8) 8. (2) 9. (8) 10. (13) 
11. (4) 
ARCHIVES 
JEE Main 
Single Correct Answer Type 
1.(1) 2. (3) 3.(1) 4. (4) 5. (3) 
6. (4) 7. (4) 8. (1) 9. (1) 10. (3) 
11. (4) 12. (2) 
JEE Advanced 
Single Correct Answer Type 
l. (4) 2. (2) 3. (1) 4. (1) 
Multiple Correct Answers Type 
I. (2,3) 2. (2,3,4) 
Numerical Value Type 
I. (8) 2. (2) 3. (3) 


Solutions 


Solution: A homogeneous mixture of two or more 
components whose concentration can be varied within a 
limit. 

Alternatively, a mixture of solute and solvent is called 
solution. 


. Solubility: The amount of solute which can be dissolved in 


100 g ofa solvent is called its solubility to make a saturated 
solution. 


Ifthe hydration energy is greater than the lattice energy, then 
the solute is soluble in solution and energy is released, Le. 
AH solution is negative. 


- Vapour pressure of liquid: At a given temperature, the 

pressure exerted by the vapours when they are is equilibrium 
with the liquid is called the vapour pressure of the liquid. 
Greater the force of attraction between liquid molecules, 
lower is the vapour pressure and vice versa. 


. Vapour pressure of a solution: A solution is formed when 
a miscible solute is added to a pure solvent. Some solute 

molecules replace the molecules of solvent from the surface. 

Therefore, the escaping tendency of the solvent molecules 

decreases, which causes lowering in the vapour pressure 

of solution, that is, p Gina =P 

- a. Raoult’s law 


When two miscible volatile liquids are heated, the partial 
Pressure of one component is equal to the product of 
the mole fraction and pure pressure of that component. 
Alternatively, the partial pressure of each component in 
the solution is directly proportional to its mole fraction. 


; Pai © Lp OF Lp 


b. If only solvent component (A) is volatile, then the vapour 
pressure of solution is Dg-F i 
€. Mole fraction of solvent (A) in vapour phase, 
y Pa 
Li = 
P otal 


- Ideal solution: They obey Raoult’s law for all ranges 
of concentration and temperature. In these solutions 
Solute-solute an 


ae d solvent—solvent interactions are almost 
Similar to solut 


sie €—-solvent interactions. Substances ha 
Similar Structures and 


ving 
polarities form nearly ideal solutions, 


—_—_ 


_ OVERVIEW 


- Azeotropic or constant boiling mixtures: 


A—A or B-B interaction = A-B interaction 
A, it = 0 
Am = 9 


7. Non-ideal solutions 


They do not obey Raoult’s law at any concentration. These 
are solutions in which solute—solute and solvent—solvent 
interactions are different than solute—solvent interactions. 


A—A or B-B interaction + A-B interaction. 
A dd #0 
A nix’ * 0 


There are two types of such solutions: 


a. Solutions which show positive deviations from ideal 


solution if A—A or B-B interaction > A-B interaction. 
A nett > 0 and Anix’ > 9 


Solutions which show negative deviation from ideal 
solution if A—A or B-B interaction < A_B interaction. 
A aH < 0 and Anix’ < 0 


- Henry’s law: (solubility of a gas in liquid): At constant 


temperature, the solubility of a gas in a liquid is directly 
proportional to the pressure of the gas. The solubility of 
gases increases with increase of pressure and decreases with 
increase of temperature. Henry’s law states that “the parnal 
pressure of the gas in the vapour phase (p) is proportional 
to the mole fraction of the gas (x) in the solution“ and is 
expressed as: 
P= Kax 


where K,, is Henry’s law constant and x is the mole fraction 
of solute. 


A liquid mixture 
having a definite composition and boiling 


like a pure liquid 
is called a constant boilin g mixture or an azeotropic mixture 
or simply an azeotrope. Azeotropic mixtures are of two 
types: 


a. Minimum boiling azeotropes: 
azeotrope is less than the 
pure components. 


The boiling point of an 
boiling point of either of the 


- Maximum boiling azeotropes: 


an azeotrope is higher than that 
components. 


The boiling point of 
of either of the pure 
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10. 


11. 


12. 


13. 


14. 


15. 


xtures cannot be separated into their 


ion. 
rties of ideal solutions 
eina 


Azeotropic mi 
constituents by fractional distillat 
n prope 
f particles of the solut 
not depend on the 
led colligative 


Colligative properties: Certai 
depend only on the number O 
definite amount of the solvent and do 
nature of solute. Such properties are cal 


properties. 

Relative lowering of vapour pressure 
n 

P-R_., _ B 


P° =B ny +g 

where P° = Vapour pressure of pure solvent 
P_ = Vapour pressure of solution 

Xp = Mole fraction of solute 


Nn, Np = Moles of solvent and solute 


In terms of molecular weight of solute 
Wa x M 
Mwy = — A 
W Ps — E ) 
a| pe 
C boi (for all kinds of solutions) 
2 Ny 
L he (for dilute solutions) 
Pe Ns 


Osmosis: The net spontaneous flow of the solvent molecule 
from the solvent to the solution or from a less concentrated 
solution to a more concentrated solution through a semi- 
permeable membrane is called osmosis. 


Osmotic pressure (1) = CRT = RT 
In term of molecular weight 


_ WaRT WRT 
T V Mvvg or Mw, = = 


Isotonic solutions: Solutions having same osmotic pressure 
are called isotonic or isomotic solutions. A pure solution of 
0.91% NaCl is isotonic with human red blood cells (RBCs). 
Therefore, in this solution RBCs neither swell nor undergo 
plasmolysis. The shrinking of cell due to the flow of water 
out of the cell is called plasmolysis or crenation. 


Hypertonic solutions: The solution which has higher 
osmotic pressure than any other solution is called hypertonic 
solution. 


A pure NaC] solution with concentration more than 0.91% is 
called hypertonic solution. On placing RBCs in this solution 
they shrink due to plasmolysis. 


Hypotonic solutions: The solution which has lower osmotic 
pressure than some other solution is called hypotonic 
solution. A pure NaC] solution with concentration less than 
0.91% is called hypotonic solution. On placing RBCs in 
this solution, they will swell and even burst. The process 
of swelling of the cell resulting into rupturing of the cell i 

known as hemolysis. = 


16. El 


17. 


18. 


19. 


evation in boiling point (AT) 
AT, = Ky; K, = molal elevation constant 
m = molality | 


W, x Mwg 
2 2 
y n Mien RT or Bio 
o7 AnH x1000 /, x1000 


Dap H = Enthalpy of vapourization 


= t of vapourization = 
l Latent hea p Í Mw 


solvent 


A vap H 


Molal elevation constant (K,,) may be defined as the elevat, 
in boiling point when the molality of the solution iş uni 


Unit of K, is K m! or °C m! or K kg mol !. 
Depression in freezing point (AT; 

Ad = 14> T, = K, * m; where K, is molal depress, 
constant or cryoscopic constant. 


Ke x 1000 x Wp 
wA = i 


W, x Mwg 
— Mwa x RT; RT; 
~ Aps H x 1000 l; x 1000 


AnH l 
M Wsolvent 


Unit of K; is K m™ or °C m7! or K kg mol". 
Molecular masses of macromolecules (i.e., polymers = 
proteins) are determined by osmotic pressure metë 
because other colligative properties give so low values whit 
are difficult to measure. Moreover, these methods requ 
heating which changes their properties (€.g., proteins £ 
coagulated on heating). 


(x = latent heat of fusion = 


All colligative properties few. = AT,, AT;; and 7 | # 


directly proportional to the number of moles of solut 
But freezing point and vapour pressure of the solu 
l 


Number of moles of solutes ` 


20. Relationship between different colligative pr operti 


: F s ; . . al 
a. Osmotic pressure (7) with relative lowering of vap 


. 5 pol 
b. Osmotic pressure (x) with depression in boiling p 


pressure: 
z= PR, ane 
pe Mw, 


$ = density of the solution 


jut, 

Mw, = Molecular mass of 
j 

| 


(AT: 


T= AT, x GRT 
1000K, 


x 


c Osmotic pressure (7) with depression in freezing point 
(AT;): 
dRT 


= AT; x ——— 
me ef 1000K; 


d. Elevation in boiling point with relative lowering of 
vapour pressure: 
1000 K, (Z — 3) 


Mw, 


AT, = p° 


en = Molecular mass 
of solvent 


e. Depression in freezing point with relative lowering of 


vapour pressure: 
1000 K; ( P° — 
AT, = ——+ (Po) 
Mw, P 


21. Van’t Hoff factor (7) 


_ Observed colligative property 
Normal colligative property 


22. 
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_. Normal (calculated) molecular mass _ 


E _ Mw.) 
Abnormal (observed) molecular mass Mw, 


For substances undergoing association or dissociation in 
the solution, the various expressions for the colligative 
properties are modified as follows: 


AT, = iK,m 
AT, = iKgn 
AP =] 
“pe z Xsolute 
n = iCRT 


van’t Hoff factor, i > 1, if there is dissociation of the solute 

in the solution and i < 1 if there is association of the solute 

in the solution. 

For 100% dissociation of a solute, i = number of ions 

produced from one molecule of the solute. 

= If observed colligative property < calculated value or 
Mw.) < Mw, (or i < 1), there is association. 

= If observed colligative property > calculated value or 
Mw,.) < Mw.) (or i> 1), there is dissociation. 


2.4 Physical Chemistry 


2.1 INTRODUCTIO 


A solution is a homogeneous mixture O | ‘eck solution 
two components dispersed on a molecular scale. 


depending upon the number of components can ane 
as binary solution (two components), ternary SO cna ie 
components), quaternary solution (four components), and so 
In solution the component which is present 1n excess amoun 
is called the solvent and the component which 1s present in 
lesser amount is called as solute. In other words a solute Is a 
substance that dissolves while solvent is a substance 1n which 
dissolution takes place. A solution is a single-phase system 
and the components may b 
and therefore, different types of solution 
summarized in Table 2.1. 


f two or more than 


e in solid, liquid, or gaseous state, 
s are possible and 


Table 2.1 Different types of solutions 


Common example 


Type of solutions 


| Gaseous solution 


A mixture of oxygen and nitrogen gases 
Chloroform vapours mixed with nitrogen 
gas 


| Gas in gas 
| Liquid in gas 


| Solid in gas Camphor vapours in nitrogen gas 
| Liquid solution 

| Gas in liquid Oxygen dissolved in water 

| Liquid in liquid Ethanol dissolved in water 


Solid in liquid Sucrose dissolved in water 


| Solid solution 

Gas in solid Solution of hydrogen in palladium 
Liquid in solid Amalgam of mercury with sodium 
| Solid in solid Copper dissolved in gold 


2.2 TYPES OF SOLUTION 


2.2.1 SOLID SOLUTION 


Solid in Solid 


This type of solution is formed by mixing two solid components. 
For example, brass bronze, monel metal, and steel. 


Solid solutions are classified into two categories: substitutional 
solid solutions and interstitial solid solutions. 


(a) Substitutional solid solutions are formed by placing atoms 
of one kind into the place of other substance in its crystal 
lattice as shown in Fig. 2.1. Brass is a common example of 
the substitutional solid solution of copper and zinc. 


O Solvent O Solute 


Fig. 2.1 Substitution solid solution 


(b) Interstitia 
kind into the voids 1n the la 


as shown in Fig. 2. 
substance, is a commo 


Solvent © Solute 


Fig. 2.2 Interstitial solid solution 


Solutions of Solids in Liquid 
The solubility of a solid in a liquid at any temperature is 


| solid solutions are formed by placing atoms ie 


ttice of atoms of other Subst, Ne 
2. Tungsten carbide, an extremely ‘ | 
nexample of interstitial solid Soluti tt 

: : 


define, 


as the maximum amount of the solid (solute) in grams which car 
dissolve in 100 g of the liquid (solvent) to form a saturated solutio 


at that particular temperature. 


Following are the factors affecting the solubility of a solidi 


a liquid. 
(a) Nature of the solute and solvent 


In general, a solid dissolves in a liquid which is chemically 
similar to it. It can be also said as “like dissolves like”, ie. 


an ionic compound or polar compound dissolves in 


a pola 


solvents whereas non-polar compounds dissolve in nor 


polar solvents. 


For example, common salt (an ionic compound) is mor 
soluble in water (a polar solvent). Similarly, non-polar (¢. 
covalent or organic) iodine is more soluble in alcohol « 


carbon tetrachloride (covalent liquids). 


The reason for the solubility of an ionic compound in pol 
solvent is because of strong electrostatic forces of attractiot 
between the ions of the crystal and the polar solvet 
molecules, the negative ions being attracted by the positiv 
poles of the solvent molecules and the positive ions by & 
negative poles of the solvent molecules. For example whe 
water is used as the solvent (Fig. 2.3), the water moleculé 
pull the ions of the crystal apart and the electrostatic for 
of attraction existing between the ions are surround 

by the water molecules which act as an envelope arous 


the ions and prevent the recombination of ions. The ! 


‘of! 


thus moving freely in the solution are said to be hydr a 
It may be mentioned here that whereas energy 1S require : 


the splitting of the ionic compound into ions (called 


Jatti 


energy), energy is given out when the ions get hydra!” 
(called hydration energy). A substance dissolves if thet 
is not evolution of energy, i.e., lowering of energy oc? 

which will happen if hydration energy is greater tha? i 


lattice energy. 


The other polar solvents are liquid ammonia, liquid hydro | 
> 0 


f 


sulphide, and liquid sulphur dioxide which are als° g? 


solvents for ionic compounds 


i 
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Fig. 2.3 Dissolution of an ionic compound in a polar 
solvent water (H.0) 


The solubility of non-polar compounds is due to similar 


solute-solute, solute-solvent, and solvent-solvent interactions. 


(b) Effect of temperature on solubility: Solubility curve 
Various ionic substances can be classified into three categories 
based on the effect of temperature on solubility in water. 


(i) Ionic substances whose solubility decreases continuously 
with increase of temperature 


There are a few substances such as cerium sulphate, 
lithium carbonate, sodium carbonate monohydrate 
(Na,CO,-H,0), etc., whose solubility decreases with 
increase of temperature. 

(ii) Ionic substances whose solubility increases continuously 
with increase of temperature 


Most of the substances such as NaNO,, KNO,, NaCl KCl, 
etc., fall in this category. The reason for this behaviour 
is that in case of all such substances, the process of 
dissolution is endothermic, i.e., 

Solute + Solvent + Heat —— solution 


on applying Le Chatelier’s principle, as the temperature 
is increased, equilibrium will shift in a direction in 
which the heat is absorbed, i.e., in the forward direction. 
Consequently, more of the solute passes into the solution. 


(iii) onic substance whose solubility does not increase or 
decrease continuously. 


There are some substances which on heating change 
at a particular temperature from one polymorphic 
form to another (like a to B form as in the case of 
ammonium nitrate) or from one hydrated form to another 
(e.g., CaCl,-6H,0 —> CaCl,-4H,O—> CaCl, 2H,0) 
or from hydrated to anhydrous form (e.g., Na,SO,°1 0H,0 
—> Na,SO,). The temperature at which one form of the 
substance changes into another is called transition 
temperature. 

Such substances do not show a continuous increase or 
decrease of solubility. For example, the solubility of 


sodium sulphate first increases upto 32.4°C and then 
begins to decrease. 


When solubilities are plotted against temperatures, the 
curve obtained is called solubility curve. 


2.2.2 GASEOUS SOLUTION 


All the gases form a homogeneous mixture and are therefore 
regarded as solutions. Air is an example of gaseous solutions; 
more examples are listed in Table 2.1. 


2.2.3 LIQUID SOLUTION 


Liquid solutions are formed by mixing solids or gases in liquid 
or liquid in liquid homogeneously. Examples of liquid solutions 
are listed in Table 2.1. 


2.3 METHODS OF EXPRESSING 


THE CONCENTRATION OF A 
SOLUTION AND “n” FACTOR 


Refer to overview point (1-14) chapter 1 and overview point (1-30) 


chapter 3, physical chemistry part 1. 


2.4 SOLUBILITY OF A GAS IN 
A LIQUID 


Gases dissolve in liquids to form homogeneous solutions. For 
example, soda water contains carbon dioxide dissolved in water 
under high pressure. Oxygen is sufficiently soluble in water to 
allow the survival of aquatic life in lakes, riversand, and oceans. 


The solubility of a gas in a liquid (also called the solubility 
co-efficient) can be defined as the volume of the gas (in cm’) 
which will dissolve in 1 cm? of the liquid to form a saturated 
solution at particular temperature and pressure. 

The solubility of a gas in a liquid is determined by several 
factors: 

(a) The nature of the gas and the solvent: The solubility of 
different gases varies considerably in the same solvent. 
Some gases are more soluble whereas some gases are less 
soluble, i.e., it depends upon the nature of gas, e.g., oxygen, 
nitrogen, helium, and argon are less soluble in water whereas 
sulphur dioxide, hydrogen chloride, and ammonia are more 
soluble in water because they chemically react with water 
and form sulphurous acid, hydrochloric acid, and ammonium 
hydroxide, respectively. 

(b) The effect of temperature: The solubility ofa gas decreases 
with increase in temperature. This is because on heating 
the solution of a gas some gas is usually expelled out of the 
solution. This can be understood as follows: 

The dissolution of a gas in an exothermic process, i.e., it is 
accompanied by evolution of heat 


Gas + Solvent —— Solution + Heat 


On applying Le Chatelier’s principle, it is evident that the 
increase in temperature would shift the equilibrium in the 
backward direction, i.e., the solubility would decrease. 

Though generally the solubility of a gas in a liquid decreases 
with increase in temperature, there are some exceptions. For 
example, the solubility of some sparingly soluble gases, such 
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as hydrogen and inert gases, increases slightly with increase 
of temperature, specially in the non-aqueous solvent such 
as hydrocarbons, alcohol, and acetone. 

(c) Effect of pressure: The solubility of gases increases with 

increase of pressure. 

Henry’s law gives a quantitative relationship between the 
solubility of gas and the pressure. This law states that at 
a given temperature the mass of dissolved gas in a given 
volume of solvent is proportional to the pressure of the gas 
with which it is in equilibrium. 

If m is the mass of the gas dissolved by unit volume of the 
solvent, and the pressure of the gas at equilibrium with solution 
is P, then according to Henry’s law, 

mo Porm=K-:P 
where K is the proportionality constant and depends upon the 
nature of gas, nature of solvent, temperature, and units of pressure. 

If we plot a graph between the solubility of gas and the 
equilibrium pressure at a constant temperature, a straight line 
would be observed (Fig. 2.4). 


m —> 


P—> 
Fig. 2.4 Variation of solubility of gas with pressure 


Figure 2.5 shows the variation of solubility of some gases at 
equilibrium pressure over the solution. 


Fig. 2.5 Variation of solubility of some gases with 
equilibrium pressure 
The variation of these gases depends upon their nature. Dalton, 
a contemporary of Henry, concluded independently that the 
solubility of a gas in a liquid solution depends upon the partial 
pressure of the gas. 


2.4.1 HENRY’S LAW IN THE FORM OF MOLE 
FRACTION 


According to Henry’s law, the mass of gas (W,) dissolved in a given 
volume of solvent of mass (W) at equilibrium pressure is given as 
W, = KP (i) 
Divide Eq. (i) by W,, the mass of solvent, we have 
W, _ K == 1 K = K' ii 
WW = K'P a (ii) 
Divide the two masses by their respective molar masses, we 
have 


Y 


W/Mm _ ea = K'p 


W 
or —2. = KP (mo es l 
n Mw “(ly 
The amount fraction of the gas in the solution is given a. 
ey’ 
X2 n +m z0 


If the solution is very dilute, i.e., n, << 1, Eq. (v) can be write 
il 
as 


mR 

X2 ny (vi) 
Now substituting this equation in Eq. (iv), we get 

HEK P 

1l 
or p= 
K" X2 
K A. 
P = KX% Hew (Vii 


where K,, is called Henry’s law constant. Thus, Henry’s law cay 
also be stated as: the pressure of a gas over a solution in which the 
gas is dissolved is equal to the amount fraction of the dissolve 
gas multiplied by Henry’s constant. 

Different gases have different Ką values at the same temperature. 
This suggests that K,, is a function of the nature of the gas. 

It is obvious from Eq. (vii) that the higher the val 
of K,, at a given pressure, the lower is the solubility 
of the gas in the liquid. Ką value for both N, and 0, 
increases with increase of témperatuie E that the 
solubility of gases decreases with increase of temperature. 
It is due to this reason that aquatic species are more comfortable 
in cold waters rather than in warm waters. 


If N, gas is bubbled through water at 293 K, how many 
wiihimoles of N, gas would dissolve in 1 L of water. Assume 
that N, exerts a partial pressure of 0.987 bar. Given that Henry’ 
law constant for N, at 293 K is 76.48 kbar. 


bl.) The solubility of gas is related to its mole fraction in the 
aqueous solution. The mole fraction of the gas in the solution § 
calculated by applying Henry’s law. Thus, 


Px, 0.987 bar P 
E ALE T, 
XN “Ki, 76480 bar x 


As 1 L water contains 55.5 mol ofit, therefore, ifn represent 


number of moles of N, in solution, then 
n mol 


go Te Z -5 
a F T =1.29 x107 


Thus, n = 1.29 x 10> x 55.5 mol 
= 7.16 x 10+ mol 
1000 mmol 
1 mol 


= 7.16x107% molx 
= 0.716 mmol 


vi 


YE P 


Solutions. 2.7 


’ law constant for oxygen dissolved in water is 
104 atm at 25°C. If the partial pressure of oxygen in air 
n. Calculate the concentration (in moles per litre) of 
Ived oxygen in water in equilibrium with air at 25°C. 


Henry 
4.34 * 
is 0.4 ati 
the disso 


Given: 
Henry’s law constant, Ay, = 4.34 x 104 atm 


= 0.4 atm 
O, 


P 
According to Henry’s law, 
p=Kux 
i Po, = AuXo, 
Po, 0.4 m 
Se 9.210 
Xo Ky 4.34x10° 
1000 


Moles of water y o) = an 55.5 mol 


n 
o 
Mole fraction of oxygen (x, ) = 2 
2 no, +n 
O2 H20 


Since No, is very small in comparison to nyo 
No, 

i 740 
OT Xo, * "y,0 ="o, 
9.2 x 10° x 55.5 = 75, 
or no =5.11 x 10% mol 
Since 5.11 x 10% mol are present in 1000 mL of solution, 
therefore, molarity = 5.11 x 1074M. 


Henry’s law constant for the solubility of N, gas in water at 298 
K is 1.0 x 10° atm. The mole fraction of N, in air is 0.6. The 
number of moles of N, from air dissolved in 10 moles of water 
at 298 K and 5 atm pressure is 
a. 3.0 10-4 
c. 5.0 x 10-4 


a. Partial pressure of N, in air (Px) = Protat ” Hy, (in air) 
=5 x 0.6 


b. 4.0 x 10°° 
d. 6.0 x 10° 


Py, (in air) = K,, ~ XN, (in HO) 
5 0.6 = 1.0 x 10° x XN, (in HO) 


In, in 10 moles of water = TORIO 


in, = 


Ny, 
Ny, +M10 
NN, 
ny, +10 
ny, X3 x 10° +3 x 10° x 10 = 7y, 
3*104=n, (1-3 x 10°) [1-3 * 10°21] 


3.0 x 105 = 


sA My =3 x 10% 


At same temperature, oxygen is more soluble in water than 
hydrogen. Which of them will have a higher value of K,, and 
why? 


Sok: Hydrogen will have higher value of K,, because if gas 
has higher solubility, its K,, value is lower. 


For a solution of acetone in chloroform, Henry’s law constant 
is 150 torr at a temperature of 300 K. (a) Calculate the 
vapour pressure of acetone when the mole fraction is 0.12. 
(b) Assuming that Henry’s law is applicable over sufficient 
range of composition to make the calculation valid, calculate 
the composition at which Henry’s law pressure of chloroform 
is equal to Henry’s law pressure of acetone at 300 K. ( Henry’s 
law constant for chloroform is 175 torr.) 


a. The given values are 
Ky = 150 tort; Xam OH 
Using Henry’s law equation 
P = K,,y, on substituting all values 
P = (150 torr) (0.12) = 18.0 torr 
b.. Here P = 18.0 torr, and K,, = 175.0 torr 


Po 18.0 torr = 0.103 
Ky 


Xacetone — 


175.0 torr 


Henry’s law constant for oxygen and nitrogen dissolved in water 
at 298 K are 2.0 x 10° Pa and 5.0 x 10° Pa. respectively. A sample 
of water at a temperature just above 273 K was equilibrated with 
air (20% oxygen and 80% nitrogen) at | atm. The dissolved 
gas was separated from a sample of this water and then dried. 
Determine the composition of this gas. 


| The given values are: 
Kuo” 2 * 10° Pa; Ky gy.) = 5 x 10° Pa 
Partial pressure of oxygen, 

Po, = 9.2 atm = 20265 Pa 
Partial pressure of nitrogen; 

Py, = 9.8 atm = 81060 Pa 
Using Henry’s law equation 

P 


[1 atm = 101325 Pa] 


= = 
Ky 
Mole fraction of O, in water 
Po, 20265 


=10.13x 10° 


2y Kio» 2x10” 


Mole fraction of N, in water 


PN | l S1060 


ae ae L N I 


Xn, 5 


Kiina) 
Mole of dissolved oxygen 10.13 x 10° 


Mole of dissolved nitrogen 162i 10% =0.62 


. 


2 
100 = 38.279 
L62 8.21% 


Amount percent of N, = 100 — 38.27 = 61.73% 


Hence, amount percent of O, = 


es 
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State Henry’s law. What is the significance of Ky? 


| Sok Henry’s law: It states that “the partial pressure of a gas 
in vapour phase (p) is proportional to the mole fraction of the 
gas (x) in the solution” and is expressed as 
P=Kyux 
where Xy is Henry's law constant. 
i i . S = g f c a t 

Significance of Ay: As p, KaKa Thus, at constan 
temperature for the same partial pressure of different gases, X4 
x 1/A,,. In other words solubility is inversely proportional to 
Henry's constant of the gas. Higher the value of K,,, lower is 
the solubility of the gas. As H, is more soluble than helium, H, 
Will have lower value of A), than that of helium. 


APPLICATIONS OF HENRY’S LAW 


Henry's law finds several applications in industry and explains 
some biological phenomena. Notable among these are: 


a. To increase the solubility of CO, in soft drinks and soda 
water, the bottle is sealed under high pressure. 


b. To minimize the painful effects accompanying the 
decompression of deep sea divers, oxygen diluted with 
less soluble helium gas is used as breathing gas. 


c. In lungs, where oxygen is present in air with high partial 
pressure, haemoglobin combines with oxygen to form 
oxy-haemoglobin. In tissues where the partial pressure 
of oxygen is low, oxohaemoglobin releases oxygen for 
utilization in cellular activities. 


d. Scuba divers must cope with high concentrations of 
dissolved gases while breathing air at high pressure 
underwater. Increased pressure increases the solubility 
of atmospheric gases in blood. When the divers come 
towards surface, the pressure gradually decreases. This 
releases the dissolved gases and leads to the formation of 
bubbles of nitrogen in the blood. This blocks capillaries and 
creates a medical condition known as bends, which are 
painful and dangerous to life. To avoid bends as well are 
the toxic effects of high concentrations of nitrogen in the 
blood, the tanks used by scuba divers are filled with air 
diluted with helium (11.7% helium, 56.2% nitrogen and 
32.1% oxygen). 

e. At high altitudes the partial pressure of oxygen is less than 
that at the ground level. This leads to low concentrations 
of oxygen in the blood and tissues of climbers or people 
living at high altitudes. Low blood oxygen causes climbers 
to become weak and makes them unable to think clearly, 
symptoms of a condition known as anoxia. 


LIMITATIONS OF HENRY’S Law 
Henry’s law is valid only when 

a. Pressure is low. 

b. Temperature is low. 

c. The gas is not highly soluble. 


; E E H i . pE o i l . : ° e 
d. The gas neither reacts chemically with the solven 
dissociates or associates in the solvent. g 


j 


Note: The effect of temperature on the solubility of TA 
liquids decreases with rise in temperature. When dissolveq 4" 
gas molecules are present in liquid phase and the Process : 
dissolution can be considered similar to condensation and hail 
evolved in this process. As dissolution is an exothermic Diag 


the solubility should decrease with increase of temperature ` 


2.5 SOLUBILITY OF A SOLID IN A 
LIQUID 


The solubility of solids in liquids varies with the nature Of solig 
and liquid, temperature, and to a lesser extent on the Pressun 
of the system. In general, a solute dissolves in a solvent if the 
intermolecular interactions are similar in the two or we May say 
like dissolves like. 


When a solid solute is added to the solvent, some Solute 
dissolves and concentration increases in solution. This proces 
is called as dissolution. Some solute particle in solution collide 
with the solid solute particle and get separated out of solution 
This process is known as crystallization. At equilibrium bot, 
dissolution and crystallization occur at the same rate at constan 
temperature and pressure. At this stage the concentration of solue 
in solution remains constant under the condition of constam 
temperature and pressure. 


The solution at this stage in which no more solute can be 
dissolved at the same temperature and pressure is called 
saturated solution. An unsaturated solution is one in which 
more solute can be dissolved at same temperature and pressure 
The maximum amount of solute that can be dissolved by the 
solvent at a particular temperature is called its solubility. Thus. 
the solubility of any substance at a given temperature is defined 
as the amount of the substance that dissolves in 100 g of the 
solvent at a given temperature to form a saturated solution. 


Solubility of one substance into another depends on the naut 
of the substance. In addition to these, temperature and pressu® 
also control this phenomenon. Temperature has a significant 
effect on the solubility of a solid substance into a solvent. Th 
solubility may increases or decrease with increase in temperatur: 
According to the Le Chatelier’s principle, if the dissolute? 
process is endothermic (A, H > 0), the solubility should increas 
with rise in temperature and if the process is exothermic ur 
solubility should decrease, e.g., the solubility of sodium chlorid 
(NaCl), potassium chloride (KCI), potassium iodide (KD: 
increases with rise in temperature, while solubility of calciu” 
carbonate (CaCO,) and lithium sulphate (Li,SO,) decreases W' 
rise in temperature. 

However, for some substances the solubility increases up 
a certain temperature and then decreases with further rise ” 
temperature. For these substances solubility behaviour no 
regular, For example, the solubility of sodium sulphate (Na, S04 
increases upto 32.8°C and above it the solubility decreases. ~~. 
temperature corresponding to the break in the solubility curv’ : 
know as transition temperature. At transition temperature there’ 
an equilibrium between sodium decahydrate Na,SO,.10H;9 a 


| 


ou : 
any anhydrous sodium sulphate exists while below this 
only orature hydrated form exists. 

n 
tel j does not have any marked effect on the solubility of 
f 


js in liquids. It is so because solids and liquids are highly 
= mpressible and practically remain unaffected by change in 
inc 


pressure 


2.6 VAPOUR PRESSURE OF LIQUID 
' SOLUTION 


vapour pressure of a volatile liquid: Let us consider a liquid 

laced in a beaker and is covered with a jar (Fig. 2.6). The volatile 
liquid evaporates and occupy the space available in jar with its 
vapour: In the jar above the liquid surface the vapour molecules are 
inrandom motion; they collide with each other and get condensed 
into liquid, and eventually an equilibrium would be established 
between Vapour phase and liquid phase. Thus, both evaporation 
and condensation processes go on simultaneously. The pressure 
exerted by the vapour molecules on the surface of liquid in the 
jar at equilibrium is called vapour pressure. Thus, the pressure 
exerted by the vapour above the liquid surface at equilibrium at a 
given temperature is called vapour pressure. 


Solute (non volatile) 


Fig. 2.6 (a) Pure solvent and (b) solvent and solute 


The vapour pressure of liquid depends upon following 
parameters: 

e Temperature: The vapour pressure of a liquid increases 
with increase in temperature. This is because on increasing 
the temperature the kinetic energy of molecules increases 
that results into the fact that more molecules escape from 
the surface of the liquid into the vapour phase resulting in 
higher vapour pressure. 


Nature of liquid: Every liquid has a different magnitude of 
intermolecular force. The liquids with weaker intermolecular 
forces tend to easily escape from liquid phase to vapour 
phase and hence they have higher vapour pressure, while 
those liquids which have strong intermolecular forces 


do not easily get vapourized so they have less vapour 
pressure. 


Vapour Pressure of solution containing volatile solvent in 
nonvolatile solute: In such solution only solvent molecules get 
vapourized and vapour pressure is solely from the solvent alone. 


: 1S vapour pressure of the solution is found to be lower than the 
“Pour pressure of pure solvent. 


In the Solution, the surface has both solute and solvent 
eee thereby a fraction of the surface covered by the 
solvens molecules gets reduced. Consequently, the number of 
É e is escaping from the surface is correspondingly 
in the? thus the vapour pressure is also reduced. The decrease 
the Vapour pressure of solvent is directly proportional to 


Wantity of solute present in the solution irrespective of its 


<r 


5 sodium sulphate (Na,SO,). Above this temperature 
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nature. For example, decrease in the vapour pressure of water 
by adding 1.0 mole of sucrose to 1 kg of water is nearly same to 
that produced by adding 1.0 mole of urea to the same quantity of 
water at the same temperature. 


2.7 RAOQULT’S LAW 


The French chemist Francois Marie Raoult in 1886 observed 
that the partial vapour pressure of a solvent over a solution of 


a nonvolatile solute, P |), 1., 18 directly proportional to the mole 
fraction of the solvent in the solution (Fig. 2.7) 


Vapour pressure 
of pure solvent 


—> 


Vapour pressure 


0 Mole fraction | 


Xsolvent —> 


Fig. 2.7 If a solution obeys Raoult’s law for all concentrations, its vapour 
pressure would vary linearly from zero to the vapour pressure of the 
pure solvent 


Mathematically, such a relationship is described as 
Psolution solvent P apai "i 


where p° oivent 18 the vapour pressure of the pure solvent at the 
given temperature. This relationship is known as Raoult’s law. 
and the rearrangement of Eq. (i) gives 


Psotution Z 
=m 


o solvent es { 11) 
P solvent 


Thus, Raoult’s law may be defined as: at a given temperature, 
the vapour pressure of a solution containing nonvolatile solute is 
directly proportional to the mole fraction of the solvent. 


2.7.1 RAOULT’S LAW AS A SPECIAL CASE OF 
HENRY’S LAW 


According to Raoult’s law, the vapour pressure of a volatile 
component in a given solution is given by i Pe Io the 
solution of a gas in a liquid, the gaseous component is so volatile 
that it exists as a gas and we have already seen that its solubility 
is governed by Henry’s law that states that P = Kax- 

If we compare the equations for Raoult’s law and Henry’s law, 
it can be seen that the partial pressure of the volatile component 
or gas is directly proportional to its mole fraction in solution. 
Only the proportionality constant Ky differs from P,°. Thus, 
Raoult’s law becomes a special case of Henry’s law in which Ky 
becomes equal to P,°. Even in liquid solution, sometimes one 
of the components may obey Henry’s law over a range of mole 
fraction. In practice, in the solution in which the solute behaves 
ideally according to Henry’s law the solvent also behaves ideally 
according to Raoult’s law (though the reverse is not necessarily 
true and Raoult’s law ideality on the part of the solvent does not 
mean that the solute must obey Henry’s law). 

As a real solution approaches the limit of infinite dilution its 
components behave more ideal. The solvent obeys Raoult’s law 
whereas solute (minor component) obeys Henry’s law for dilute 
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tematic 
utions. This can be explained with the help of a sys 


gram given below (Fig. 2.8). 


Xa —> 


A as solute 0 1 Aas solvent 
l <— Xp 0 
Fig. 2.8 Schematic graph indicating the applicability of Henry's 
law to the solute and Raoult’s law to the solvent 

In Fig. 2.8, we have a solution of liquids A and B. The partial 
ressure of A is plotted against its mole fraction in the solution, 
lence we get a curve as shown in Fig. 2.8. The curve according 
o Raoult’s law can be obtained by connecting the zero point 
at the left (y, = 0) with the point representing p°, at the right 
Xa = 1). It can be seen from Fig. 2.8 that Raoult’s law curve 
meets the partial vapour pressure curve tangentially in the region 
where y, — 1. Thus, we see that Raoult’s law is applicable 
only in the limited range of concentration where A is present in 
excess amount and is thus acting as a solvent. Now if we draw 
Henry’s law curve and extraplot this line to the right axis, where 
Za = l, gives a hypothetical vapour pressure which would be 
observed only if Henry’s law is applicable over the entire range 
of concentration, that is up to y% a — 1. Therefore, from Henry’s 
law curve we observe that it meets to partial pressure curve only 
upto a small range at which A acts as solute (y a ~ 9). 


2.7.2 RAOULT’S LAW FOR A SOLUTION 

CONTAINING VOLATILE COMPONENTS 
What happens when the solute and solvent both are volatile? Here, 
the vapour phase consists of vapours of both the components of 
the solution. The partial vapour pressure of each component of 
the solution depends on the mole fraction of the corresponding 
component. Let us consider a solution in which both the 
components obey Raoult’s law marked as A and B with their mole 
fractions 7, and 7,,, respectively. Their partial vapour pressures 
P, and pp are proportional to the respective mole fractions in the 
solutions. 
Thus, p, ®© Xa 
Similarly, pp « ve 


Based on experimental findings, Raoult proposed that in case 


of mixture of two miscible liquids, the above relation written as 
follows holds good: 


Pa©Pa Ka wi) 
Pg Pp Xp ...(ii) 
where p,” and p,° represent the vapour 


Pressures of pure 


components A and B, respectively. The relationship between 


the vapour pressure of a component and its mole fracti 
another form of Raoult’s law. This can be stated as: for q sọ] 
- of volatile liquids, the partial pressure of each componen ti 


On i 
utig | 
n | 


solution is directly proportional to its mole fraction. The i. 
applicable only when the two volatile liquids form a homogene, : 


solution. | | 


a 


A plot of p, and pp against X4 OF Xp for a solution should bin 
straight line (Fig. 2.9). 


These lines pass through points Pa OF PR When Xa and y 


equals unity. According to Dalton’s law of partial pressure, th 
total pressure of the solution for any composition is given ag 


Pota PA + Pp l l «(iiij 
Here pota iS indicated in F ig. 2.9 by line III, obtained by joining 


the points p,° and pp“. 


Vapour pressure 


kasil 
Xp =0 


Mole fraction %,s=9 
Xg7 i 


Fig. 2.9 The relationship between vapour pressure and mole fraction of an 
ideal solution at constant temperature. The dashed lines I and II represent 
the partial pressure of the components. (It can be seen from the plot that 


P, and p, are directly proportional to x, and xp, respectively). The total 
vapour pressure is given by line III in the figure. 


Solutions obeying Raoult’s law are called ideal liquid solutions. 


Evidently for such solutions, the vapour pressure are intermediat 


between the values, p, and Pp and they all lie on the straight li 
joining p a and pp’. 


Substituting the values of p a and p, in Eq. (iii), we get 


and maximum value i 
volatile than compone 


h 


el 


= o o iy) 
Pioa XaPa + Xp PB (lS 


= (1.— Xp) Par + XpPa- 
an [6] [e] fe} ) 
= =Pa Ts Pa Ma al 
Following conclusions can be drawn from Fq. (v): 


a. Total vapour pressure over the solution can be related to th 
mole fraction of any one components. 


- Total vapour pressure over the solution varies linearly with | 
the mole fraction of component B. 


c. Depending on the vapour pressures of the pure componen" 
A and B, the total vapour pressure over the solution 
decreases or increases with the increase of the mole fractio” | 
of component A. | 


The plot [line II (Fig. 2.9)] of Protay HAS Minimum value of Pa | 


ig les | 
S Pg’, assuming that component A 1S lee | 
nt B, i.e., p,° =D. 


[The composition of vapour phase can be determined with ™ | 
p of Dalton’s law of partial pressure. | 


d 
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a Wand TN are mole fractions of components A and B 


et XA. i 
L tively, in the vapour phase. Using Dalton’s law of partial 


respe? 
pressure v 
pa XA Protal 
and Pe” 1p» Protal 
ae XAPa® 
of a Protal Pao + (Pa°- PB’) Xa 
V_ XB PB? 
~ =l- = pa? + TAP Da°) Xn 


7.8 IDEAL AND NON-IDEAL 
SOLUTIONS 


Binary solutions are classified into two categories: ideal solutions 
and non-ideal solutions. 


1. Ideal solution: 

4 solution which obeys Raoult’s law exactly at all range of 
concentration and temperature is known as ideal solution. In such 
solution the two components are identical in molecular size, shape, 
and have almost identical intermolecular forces. In these solutions, 
the intermolecular interaction between the unlike molecules (A-B) 
are of same magnitude as the intermolecular interaction between 
the like molecules, i.e., (A-A) and (B-B). 

Then according to Raoult’s law the partial pressure of two 
components of the solution is given as: p, = XPa" and Pp = XpPp - 
According to Dalton’s law of partial pressure, the total pressure 
is given as p,= P4 + Ppl P,=XaPa * XpPp - 


—> 


Vapour pressure < 


Vapour pressure 


a=] Mole fraction —————?> {n= 
, Lp = 0 B 
oe Vapour pressure behaviour of ideal solutions obeying Raoult’s 
. The dashed lines I and II represent the partial vapour pressure of the 
components. The total vapour pressure is given by line III (solid line) 

The total pressure p, is shown by line II in Fig. 2.10 obtained 

by joining the points p,° and p,°. It is clear from the figure that 

the vapour pressure of the solutions of different compositions, 

Pas of ideal solutions, lies between the vapour pressure of 
© pure components (p,° and pp°). 

Ideal solutions have two important properties: 

(a) Enthalpy of mixing (AH): The enthalpy of mixing of pure 
Components to form the solution is zero. It means that no heat 
ls absorbed or evolved when the components are mixed, 
Le., (A. H = 0) because there is no change in magnitude 
of the attractive forces in the two components present. | 

©) Volume of mixing (A V): In ideal solution, the change 1n 
Volume on mixing is zero, i.e., A mix’ = 0- In such solution 
the volume of the solution is the sum of the volume of the 
Components before mixing. 


A perfectly ideal solution is rare but some solutions are 
nearly ideal in behaviour. Examples of ideal solution are:| 
(i) solution of n-hexane and n-heptane, (ii) benzene and toluene, 
(iii) ethyl bromide and ethyl chloride, (iv) chlorobenzene and 
bromobenzene, (v) benzene and xylene, ( vi) ethylene dichloride 
(CICH,CH,Cl) and ethylene dibromide (BrCH,CH,Br), 
(vii) CH,OH + C,H.OH, and (viii) SnCl, + CCI. 


2. Non-ideal solution: 
A solution which does not obey Raoult’s law is known as non- 
ideal solution. 


Prt XaPa° and Pp * XpP a” 

In case ofa non-ideal solution, the change in enthalpy of mixing 
(Ani) and change in volume on mixing (Ani) is not zero. 
The vapour pressure of such a solution is either higher or lower 
than that predicted by Raoult’s law. If it is higher, the solution 
exhibits positive deviation and if it is lower, it exhibits negative 
deviation from Raoult’s law. The cause for these deviations lies 
in the nature of interaction at the molecular level. 


3. Types of non-ideal solutions: 
(a) Non-ideal solutions showing positive deviation from Raoult law: 
If in a binary solution of two components A and B, the interaction 
between the unlike components A-B are weaker than the interaction 
between the like components A-A and B-B, this means that in 
such solutions molecules of A (or B) will find it easier to escape than 
in pure state. This will result in having greater vapour pressure 
of each component of the solution than expected on the basic of 
Raoult’s law, and hence the total vapour pressure will also be higher 
than in the case of ideal solution. This type of behaviour of 
solution is defined as positive deviation from Raoult’s law. 

In Fig. 2.11(a), a solution is exhibiting positive deviation. In 
such solution p, > P4°%a aNd Pp > Pg Xp 204 Protas > X Pa t XpPp - 


Total Vapour p E 


Xą=l Mole fraction Xg=l 
Fig. 2.11 (a) Positive deviation from ideal behaviour. Dotted line 
represents ideal solution and dark line for non-ideal solution 


A solution of ethanol and acetone behave in this way. In pure 
ethanol, molecules are held together with hydrogen bond as 
shown below. 


H C aH; C-H; 


On adding acetone, the molecules of acetone get in between the 
host molecules breaking the hydrogen bonds of host molecules, 
this causes to weaken the intermolecular attraction between the 
alcohol molecules. This results into an increase in the escaping 
tendency of alcohol and acetone molecules from the solution. 
Consequently, the vapour pressure of the solution is greater than 
the vapour pressure expected from Raoult’s law. 


2.12 Physical Chemistry ane 
Woe ; ‘< positive because energy IS required HCS _ 
In such solution A% is positive ions, the dissolution po 

to break A-A and B-B bonds. For such solutions, the diss o HC 

o break A- ! i a ge with 

process is endothermic, i.e., the solubility ws pate oN 

a ; is also positive for such sS 
increase in temperature, Amix IS al py ` intermolecular 7° 

t there is decrease in the magnitude of intermolecular pe 

yecause there 1s decreas i n: 

solution, the molecules are loosely held, and 


forces in the ne me ” 
therefore the volume of mixing Increascs. 7 
Few examples of solution that shows positive deviation are: s 
Q 
a. Ethyl alcohol and cyclohexane $ 
b. Acetone and carbon disulphide 
c. Benzene and acetone Xa= 1 Mole fraction X= 0 
` ~ ex X = 
d. Carbon tetrachloride and chloroform Xg=0 B 
e. Ethyl alcohol and water Fig. 2.11(b) Negative deviation from ideal behaviour. Dotted line 
f. A d etl represents ideal solution and dark line represents non-ideal solution 
~ Acetone and ether 
(b) Non-ideal solution showing negative deviation from Raoult’s This newly formed hydrogen bond in the solution between the 
law: In such solution the interaction between the unlike molecules molecules of acetone and chloroform is stronger and dite 


A-B is stronger than the interaction between the like ones, i.e., 
A-A and B-B. In the solution, molecules of A and B are strongly 
held due to stronger A-B interaction and therefore the escaping 
tendency of molecules of A or B becomes less than that of 
pure liquid. Consequently, each component has lesser partial 
pressure than that expected from Raoult’s law. As a result, the 
total vapour pressure is less than that of ideal solution. These 


the escaping tendency of the liquid molecules from the solution 
Consequently the vapour pressure decreases resulting in Negative 
deviation from Raoult’s law. In this type of solution, A mil is 
negative because-on the formation of new attractive forces energy 
is released. Therefore, the dissolution process is exothermic and 
on heating the solubility of solution will decrease. 


type of solutions are said to have negative deviation from Amix 18 also negative in such solution because on the formation 
Raoult’s law. of new attractive forces molecules comes closer to each other and 
Figure 2.11(b) shows a solution exhibiting negative ae Ha Tual ie in the decrease in the volume 
deviation. In such solution p, < XaPa° and ph < y,p,° and 9 bey Amix” IS Negative. 
Prot < XAPA? + Xapp. A T MAPA B ABE Few more examples of solution that show negative deviation 
; are: acet ii 
For example, a solution of chloroform and acetone shows Ea e sey ig ete and aniline, H,O and HNO, 
negative deviation from Raoult’s law. This is because in the HCI, H,O and H. SO acid, Catoroform and diethyl ether, H,O and 
solution the chloroform molecule is able to form hydrogen bond andl CH COOC i 4 (HLO + HNO), CH,OH and CH,COOH. 
with the acetone molecule as shown below. 3 3 and CHCI. 


In Table 2.2, difference between ideal and non-ideal solutions 
is illustrated. 


4. Mole fraction of solvent (A) in vapour phase = y = Pa 
Total 


Table 2.2 Comparison between ideal and non-ideal solutions 


Ideal solutions 
Positive deviation from Raoul 


ea t’s law iati 

- Obey Raoult s law at every range of | a, Do not obey Raoult’s law Negative deviation from Raoult’s law 
concentration. a. Do not obey Raoult’s law 

b. Amix” = 0; total volume of solution 


is equal to the sum of volumes of the 
components. 


b. A V>0. Vol i 
mix . ume is Increased afte 3 
dissolution. r |b, A V <0. Volume is decreased during 
issolution, 


€. Amix = 0; neither heat is evolved nor 
absorbed during dissolution, 


c. Ami >(), Endothermi 
1s absorbed. 


c dissolution: he 
sacat jie. Amix <0. Exothermic dissolution; heat 
IS evolved. 


. A-A, A-B, B-B interactions should 
be same, 1.€., A and B are identical in 
shape, size, and character., 


d. A-B attractive forc 
than A-A and B 
A and B have di 


e should be weaker 
-B attractive forces. 
fferent Shape, size 


d. A-B attractive force should be greater 
than A~A and B-B attractive forcesA 


and B have different shape, size and 
character, 


-DPA t Pa = Ppa Xat P’ Xp 


ie pP T BiertaP EPa ig 
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g tendency of A and B should 


scapin ee 
f. 5 same in pure liquids and in the 
solution. value. 
examples Examples 


Acetone + Ethanol 
Acetone + CS, 

Water + Methanol 
Water + Ethanol 

CCL, + Toluene 

CCl, + CHCI, 

Acetone + Benzene 
CCl, + CH,OH 
Cyclohexane + Ethanol 


pilute solutions 

Benzene + Toluene 

n-Hexane + n-Heptane 
Chlorobenzene + Bromobenzene 
Ethyl bromide + Ethyl iodide l 
n-Butyl chloride + n-Butyl bromide 


Why does the use of pressure cooker reduce cooking time? 


At higher pressure over the liquid due to weight of the 
pressure cooker lid, the liquid starts boiling at higher temperature. 


- Therefore, cooking occurs faster. 


” teal J 


Al 
/ 


Why is the vapour pressure of a liquid constant at a constant 
temperature? 


‘Sol. Vapour pressure is the pressure of the vapour at 
equilibrium state when the rate of evaporation becomes equal 
to the rate of condensation. The equilibrium constant does not 
change at a particular temperature and therefore the vapour 
pressure remains constant. 


Two liquids A and B are mixed and the resulting solution is 
found to be cooler. What do you conclude about the deviation 
from ideal behaviour? 


‘Sol. The solution shows positive deviation from ideal behaviour. 


The dissolution of ammonium chloride in water is an endothermic 
process. What is the effect of temperature on its solubility? 


Sol Since solubility of NH,Cl in water is an endother- 
mic process, its solubility increases with rise in temperature 
(Le Chatelier’s principle). 


Mixing of acetone with chloroform takes place with reduction 


D volume? What type of deviation from Raoult’s law is shown 
in this case? 


Sol, The solution has negative deviation from Raoult’s law 


| be . i ; 
_ Decause decrease in volume indicates strong forces of interaction 


between the molecules in solution. 


f. A and B escape easily showing higher 
vapour pressure than the expected 


f. Escaping tendency of both components 
A and B is lowered showing lower 
vapour pressure than expected ideally. 


Examples 

Acetone + Aniline 

Acetone + Chloroform 

CH,OH + CH,COOH 

H,O + CH,COOH 

Chloroform + Diethyl ether 

H,O + HCI, H,O + H,SO,, H,O + HNO, 
Acetic acid + Pyridine 

Chloroform + Benzene 

CH,COOH + CHCI, 


CCl, and water are i 


mmiscible whereas ethanol and water 
are miscible in all proportions. Correlate this behaviour with 
molecular structure of these compounds. 


"Sol. CCl, is a non-polar covalent compound, whereas water 
is a polar compound. CCI, can neither form H-bonds with water 
molecules nor can it break H-bonds in water molecules. There- 
fore, it is insoluble in water. 


Ethanol is a polar compound and can form H-bonds with water. 
which is a polar solvent. Therefore, it is miscible with water 
in all proportions. 


Vapour pressure of pure A (p,°) = 100 mm Hg 
Vapour pressure of pure B (p,°) = 150 mm Hg 


2 mol of liquid A and 3 mol of liquid B are mixed to form an 
ideal solution. The vapour pressure of solution will be: 


b. 130 mm 
d. 145 mm 


a. 185 mm 


c. 148 mm 


Using Raoult’s law equation, 
Poa = Pa Xa t Pp Xp 


= 100 x= +150%= = 40 + 90 = 130 


The vapour pressure of pure benzene at 88°C is 957 mm and that 
of toluene at the same temperature is 379.5 mm. The composition 
of benzene—toluene mixture boiling at 88°C will be 

Xbenzene 0.66; Xtoluene 0.34 

Xbenzene — 0.34; Xtoluene = 0.66 

Xbenzene = Xtoluene — 0.5 

Xbenzene = 0.75; Xtoluene = 0.25 


aco ® 


Questions Based on Mole Fraction of Solvent in 


2.14 Physical Chemistry 
2.14 Physical “hem 
Vapour Phase (Za) | 


oO 
+ l toluene Xtoluene 


4+ 379.5(1 ~ inci 


LLL | mA T L 


l | an Oo 
a. P = Prenzene Xpenzene 


760 = 957 Xpenzene 
= 0.60 
= l — 0.60 = 0.34 


res of ethanol and methanol are 44.0 mp 
tively. An ideal solution is formeg 
xing 60 g of ethanol with 49 tol 
vapour pressure of the solutio 
| in the vapour. 


The vapour pressu 
and 88.0 mm Hg, respect 
the same temperature by mi 
methanol, Calculate the total 
and the mole fraction of methano 


ASG) Mol. mass of ethyl alcohol (C,H,OH) = 46 
= 60 _ 

Number of moles of ethyl alcohol = Tr? 1.304 

alcohol (CH,OH) = 32 — 


Xpvenzene 


and Xtoluene 


of a certain pure liquid A at 298 K is 
repared in A at the same 
d to be 32 mbar. The 


The vapour pressure ttan 
40 mbar. When a solution of B 1s p 
temperature, the vapour pressure is toun 


action of A in the solution 1s 
“eS. Mol. mass of methyl 


a. 0.5 b. 0.3 0 
c 0.4 OPO Number of moles of methyl alcohol = ra 1.25 
“Sol. | holy, < 13% 
d. p =p°Xa Mole fraction of ethyl alcohol, %4 = 73044135 
32 =40 x xq Or Xa = 9.8 = 0.5107 
1.25 
Mole fraction of methyl alcohol, 4g = —[-_ 
100 mL of liquid A and 25 mL of liquid B are mixed to form a 1.304 + 1.25 
solution of volume 125 mL. Then the solution is = 0.4893 
= Partial pressure of ethyl alcohol= xpa" = 9.5107 x 441 
b. Non-ideal with positive deviation = 22.47 mm Be 
F ee ae Partial pressure of ethyl alcohol= 7_P,° = 0-4893 x 88.! 
= 43.05 mm ig 
Sol Total vapour pressure of solution = 22.47 + 43.05 
= 65.52 mm & 


a. Aix V =0, hence the solution is ideal. 


An agueous solution containing 28% by mass of liquid A (mol. 
mass = 140) has a vapour pressure of 160 mm at 30°C. Find 
the vapour pressure of the pure liquid A. (The vapour pressure 
of water at 30°C is 150 mm.) 


‘Sol For two miscible liquids, 


Mole fraction of methyl alcohol in the vapour 


_ Partial pressure of CH;OH _ 43.09 _ 9 gs7 
Total vapour pressure 65.52 


Two liquids A and B form ideal solution. At 300 K, the vape# 
pressure of a solution containing 1 mol of A and 3 mol of BS 


P „= Mole fraction of A x p,° 
+ Mole fraction of B x pp? 


Number of moles of A = 140 =2 
Liquid B is water. Its mass is (100 — 28), i.e., 72. 
Number of moles of B = z =4() 


Total number of moles = 0.2 + 4.0 = 4,2 
Given, Pioa 7 160 mm 


Pa = 150 mm 
0.2 4.0 
So, 160 = —:; Be 
42" A sr Pa 
p= 17.15x4.2 360 
A 02. = 15mm 


500 mm of Hg. At the same temperature, if one more mole oi 
B is added to this solution, the vapour pressure of the soluto 
increases by 10 mm of Hg. Determine vapour pressures of 4 
and B in their pure states. 


Soll Let the vapour pressure of pure A be = Pr and Ù 
vapour pressure of pure B be = Pa: . 
Total vapour pressure of solution (l mol A + 3 mol B) 
= XaPa + XpPp° [Xa is mole fraction of A and Xp ÍS mol 
fraction of B] 


l 3 
500 = — 0) 7). = o 
4 PA j 4 Pp 


or 2000 =p,° J: 3p? i 


Total vapour pressure of solution (1 mol A + 4 mol B ) 
l 


4 
5 Pa += Pe? 


1 
slo=1, 9,4 9 


> 


7250 =Pa° + 4Pa (Gi) 


solving Eqs- (i) and (ii), we get 
p o = 550 mm of Hg = Vapour pressure of pure B 


p = 350 mm of Hg = Vapour pressure of pure A 
A 


Mole fraction of component A in vapour phase is x, and that of 
component A in liquid mixture is x; then (p° = vapour pressure 


of pure A; pp? = Vapour pressure of pure B), the total vapour 


pressure of liquid mixture is 
° X [e] o 
a. pret b. Pa oi C. Pg xX d. Pg Kai 
Xı X2 X2 Xı 


o 
a. Pa = Pa Xo Vapour pressure ofA. 


Mole fraction of A in vapour = Pa 
p °X Protal 
_ Pa 
1O P 
Poo = Pa `% 
total Xi 


Heptane and octane form an ideal solution. At 373 K, the 
vapour pressure of the two liquids are 105.0 kPa and 46.0 kPa, 
respectively. What will be the vapour pressure, of the mixture 
of 25 g of heptane and 35 g of octane? 


B® Mw of heptane, C-H; Mw, = 100 
Mw of octane, CH; g, Mw, = 114 


py SERe LI n= =03 
Mw, 100 114 
y= —025_, A 03 
0.25 + 0.30 0.25 + 0.30 
= 0.45 = 0.55 


P= DX, +t Pg ke 
= 105.0 x 0.45 + 46.0 x 0.55 
= 47.25 + 25.30 
= 72.55 kPa 


Two liquids A and B form an ideal solution such that p ° = 700 mm 
and p° = 300 mm. A small amount of solution is vapourized 
and the vapour condensed (at equilibrium). The condensate has 
equilibrium vapour pressure of 500 mm (at same temperature). 
Find the composition of the original solution. 


‘Sol HPP 


P= Py X + Pa Xp = 1007, + 300 (1 - Xa) i) 
= 300 + 4007, 
y= Pa Oxa ThA 
P, 300+400%, 3+ 4x4 


P, 300+ 400x, 300+ 400x, 3+4%a 


Put value in Eq. (1) 


= 
500 = 700( —*^— sofia 


* Xa = 0.3, Xp = 0.7 


At 80°C, the vapour pressure of pure liquid A is 520 mm Hg 
and that of pure liquid B is 1000 mm Hg. Ifa mixture of solution A 
and B boils at 80°C and 1 atm pressure, the amount of A in 
the mixture is (1 atm = 760 mm Hg) 

a. 50 mol % b. 52 mol % 

c. 34 mol % d. 48 mol % 


D a. Py =PaXat Pp Xp 
Pa“ Paka t Pp (l~ Xa) 
760 = 520x, + 1000 — 10007, 


Therefore, mol % = 50 


At 298 K, the vapour pressure of pure liquid n-butane is 1823 
torr and vapour pressure of pure liquid n-pentane is 521 torr and 
form nearly an ideal solution. 
a. Find the total vapour pressure at 298 K ofa liquid solution 
containing 10% n-butane and 90% n-pentane by weight. 
b. Find the mole fraction of n-butane in solution exerting a 
total vapour pressure of 760 torr. 
c. What is composition of vapours of two components (mole 
fraction in vapour state)? 


P? = 1823 torr ; P° 


n-butane n-pentane — 


a. Given 10% n-butane by weight = 10 


JQ 


90% n-pentane by weight = 90 g 


-moles of n-butane = S Mw of n-butane = 58 


90 
moles of n-pentane = 75 Mw of n-pentane = 72 
E" 10/58 _ 
"owane 10/58 + 90/72 
Xn-pentane — l- Xn-butane l — 0.122 = 0.878 
From Raoult’s law, 


99 


P, = Pa Xat Pe ka 0.122 x 1823 + 0.878 x 521 
= 679.84 torr 
= 760 torr; P° 


= §21 torr 


b. Given Protat n-butane — 1823 torr; 
n-pentane 
Let mole fraction of n-butane = y 
mole fraction n-pentane = | — y 
Using Raoult’s law, we have 
P, = Paka t PXB 
760 = (1823) + (1 — y)521 


<. y=0.183 
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c. The mole fraction in vapour state: 


y = Pri-vutane Z P ” n—butane X X n-butane 
n-butane Pas P ~ 
_ 0122x1823 _ 9 399 
679.84 


o 
P n—pentane x Xn-pentane 
_ Eee 


yv 
X n-pentane P 
total 


_ 521x 0.278 
679.84 
y“ is also called as vapour fraction. 


The vapour pressure of pure water at 25°C is 23.00 torr. What is 
the vapour pressure of 100 g of water to which 100 g of C,H, 0, 
(glucose) has been added? 


y i = = o 
“Sol. Raoult’s law: P solution PA Pa Xa 


=0.675 


Wa 
n Mw 
5 P = p o A =p o A 
sol A 
solution na + ng Ea p Mi 
w w 
100 A B 
= — 18 _ 
=> 23.00 x 100 H 100 
18 180 
[MW cincose = 180 g mol '; p a = 23.0 torr) 
ee 21.294 torr 


4.375 gofa substance when dissolved in 36.0 g of water, lowered 
its vapour pressure by 0.5 mm at a given temperature. The vapour 
pressure of water at this temperature is 25.0 mm. Calculate the 
molecular weight of solute. 


USM) AP =0.5 mm, using the formula for lowering of vapour 
pressure: 


AP =y = "g = __ Wiy/Ma_ _ 
P” -E n, +n, W,/Mw, + Wg/Mwp 
05 _ 4.375] Mwg 


25 36/18 + 4.375/Mwy 
= Mw, = 109.3% g mol ’ 


Assuming ideal behaviour, calculate the pressure of 1.0 molal 
solution of a non-volatile molecular solute in water at 50°C, The 
vapour pressure of water at 50° C is 0.222 atm, l 


So. P olution = Ps E PLA (Raoult’s law) 
By using the relation between molality and mole fraction 


we have; 
_ XB, 1000 _1-%, „ 1000 
Xa Muy 4a Mwy 


coo: - 
Xa ™ mMw, +1000 
-000 _ 1000 p; 
[x18+1000 1018 
=> 2 


solution = PAX = 0.222 x 0.982 = 0.218 atm 


At a certain temperature, the vapour pressure of pure eth 
640 mm and that of pure acetone is 280 mm. Calculate th 
mole fraction of each component in the vapour state if the m l 
fraction of ether in the solution is 0.50. ok 


=> 


982 


€T js 


‘AH In the given solution, both ether and acetone are volati 
so from ' 


Raoult’s law, we can have vapour pressure of soluti 
í 
(P total)" 
. x PA = A 
Note: x , (Liquid phase) — ©’ 4A(Vapour phase) — 
PA Pa + Pp 


Let A is ether and B is acetone. 
Poa Pat Pp =P a t Pp kp 
= 640 x 0.5 + 280 x 0.5 = 460.0 mm 
Now mole fraction in vapour state is given as follows: 


_ P Pata _ 640x 0.5 
XA (vapour) — P A = “A MA ~—__— = 0.6956 


total Potal 460.0 
_ Pp _Pe°%e _280x0.5_03 
= = £B AB -2 = 0.304 
= a Fiatal Fotal 460.0 7 


The vapour pressure of methyl alcohol at 298 K is 0.153 = 
The vapour pressure of this liquid in solution with liquid B 5 
0.095 bar. Calculate the mole fraction of methyl alcohol in = 
solution if the mixture obeys Raoult’s law. 


Given TE alcohol ~” 0-158 bar 

P olution 0.095 bar 

According to Raoult’s law 

pap (x,= mole fraction of methyl alco 
“. 0.095 = x, x 0.158 


l 0.095 
X, (mole fraction of methyl alcohol) = 


ai i uo I 
The vapour pressure of acetone at 298 K is 40 mm of Hg s 
mole fraction in a solution with alcohol is 0.80. Wha! D d 
vapour pressure in solution if the mixture obey Raoult’s 1 

SH The given values are 


20 


acetone ~ 40 mm of Hg 
Xacetone = 0.80 
According to Raoult’s law 
are 
On substituting all values, we get 
Vapour pressure of acetone in solution = 40 * 0.80 
“aah of HE 


0 
apout pressure of water at 298 K is 0 


ur pressure of the solution. (Molecula 
M n cular weight of sucrose = 342) 
0 


The given values are 


8 sucrose at 298 kK. 
3 atm. Calculate the 
r weight of urea = 60: 


Wao” 100g Žž ; Mwy o = 18 g mol! 
Y Warea =10g ° MW req = 60 g mol! 
Q W sucrose =28 MW sucrose = 342 g mol! 
À Puwa 0.3 atm 


Amount fraction of solvent 
Z Amount of solvent 
_ 100/18 
(100/18 + 1/60 + 2/342) 
mee 0.99 
mee a 
According to Raoult’s law, 
Pa=Pa Xa 
<. Vapour pressure of solution = 0.3 x 0.99 = 0.29 atm 


Benzene and toluene form nearly ideal solution. At 298 K, the 
vapour pressure of pure benzene is 150 torr and of pure toluene is 
50 torr. Calculate the vapour pressure of the solution, containing 
equal weights of two substances at this temperature? 


BD Let the weights of benzene and toluene in the solution 
is=Weg 


Mole fraction of benzene , %, = 
Mole fraction of toluene x, = 1 — 0.541 = 0.459 


According to Raoult’s law p, = PXA 
~. Partial pressure of benzene, pp = P,°* Xp = 150 * 0.541 


= 81.15 torr 
. Partial pressure of toluene, p, = p£ * %47 50 x 0.459 
= 22.95 torr 
Total vapour pressure of solution = p, + P; 
= 81.15 + 22.95 
= 104.1 torr 
120°C, the vapour pressure of pure liquid A is 22 mm Hg and 


nat of pure liquid B is 75 mm Hg. What is the composition of 
os Solution of these two components that has vapour pressure 
5mm Hg at this temperature? 


The given values are 
Pa =22 mm Hg; pp? = 75 mm Hg; Prou 
Let X4 and y,, are the mole fractions of liquids A and B, 
"€Spectively, in solution, then 


= 48.5 mm Hg 


-jueearion 2.32 
| f water contains 1.0 g urea and 2.0 
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PRT PAK 22% 

Pg = Pp°Xe = Pp? (1 -= X4) = 75 (1 — x4) 
Pot = Pa + Pg = 22x, + 75(1 — x4) = 48.5 
a Xa = 0.5 and x, = 1 - x, = 0.5 


An aqueous solution containing 28% by weight of a liquid A 
(molecular mass = 140) has a vapour pressure of 0.200 bar at 
37°C. Calculate the vapour pressure of pure liquid (vapour 
pressure of water at 37°C = 0.100 bar). 


Sol.» The given values are: 
Wiguia = 28 g, Mw, = 140 
Wao = 72 g; MW 6 = 18 


P°y9 = 9.10 bar; Pi = 0.2 bar 
28 
Mole fracti iquid, y = ~140_ =0. 
e fraction of liquid, x, 28 j [E 0.048 
140 18 


Mole fraction of water, Xn,0 = 1— 0.048 = 0.952 

According to Raoult’s law 

Pota 7 Pr Xu + P°n,0 XH,0 

0.2 = p? x 0.048 + 0.1 x 0.952 

0.2 — 0.1 x 0.952 
0.048 

Therefore, the vapour pressure of pure liquid is 2.18 bar. 


orp = = 2.18 bar 


Two liquids A and B have vapour pressure of 0.600 bar and 
0.2 bar, respectively. In an ideal solution of the two, calculate 
the mole fraction of A at which the two liquids have equal 
partial pressures. 


© Let the mole fraction of A= x 
Mole fraction of B = 1 — x 

Partial pressure of A = 0.6% 

Partial pressure of B = 0.2(1 — x) 

or 0.6% = 0.2(1 — x) 

y = 0.25 

Hence, the mole fraction of A = 0.25. 


Two liquids A and B have vapour pressures in the ratio of p,°; 
Pao =1:2ata certain temperature. Suppose we have an ideal 
solution of A and B in the mole fraction ratio A : B= 1 : 2. What 
would be the mole fraction of A in the vapour in equilibrium 
with the solution at a given temperature? 

a. 0.25 b. 0.2 

c. 0,5 d. 0.33 


b. Py ‘Pa = l :2 
Pa tr Px ASIa 


eo 


Pg Xp x py = 2A™ 2X4 
P total — AXa +4 AXA= SAX A 
pa Aka — 


——- 


|| 
x = —=0.2 
A(vapour phase) Pal 5 AXA 5 


A certain ideal solution of two liquids A and B has mole fraction 


of 0.3 and 0.5 for the vapour phase and liquid phase, respectively. 
What would be the mole fraction of B in the vapour phase, when 
the mole fraction of A in the liquid is 0.25? 


BD x, var) = 0.3, yp(lig) = 0.5, ra(liq) = 0.5 
Da=XaPa = OSPA Pe 7 XpPp = 0-5PB 
Prot = Pat Pa 0.5p,y + 0.5p3° = 0.5 (Pye tpa) 


on PA 
X(vap) = 
Potal 
ie epee ZS iia 
0.5(pa°t Pp’) P,° + P,° 
On rewriting it, 
1 PA + Pg -142 
Pa 0.3 0.3 3 
Pa” = 03 _3 => ow 
pp? O7 7 Pa ~ 7PB 


xa (liq) = 0.25, Xp (lig) = 0.75 
pa=9.25p, = 0.25%= pp" 
Pp = 9-75pR° 
>P =p, tpa" 02 3a? 
total Pa TPB Y 3x7 Pp +0.75 pg? 


8 
= 0.75 x — pr’? 
7 PB 


Lp (vap) = Pp___ 9.75 pp? __ 7 


Feral 0.755 pp” 8 


Solution of two volatile liqui 
iquids x and y obey Raoult’ 

suite? È: ult’s la 
p ai temperature it is found that when the total ah 
a ee a given solution is 400 mm of Hg, the mole Messier 
ie e vapour 1s 0.45 and in the liquid is 0.65. What ei 4 
apour pressures of two pure liquids at the given sine : > 
ature’! 


BID z, in liquid = 0.65 


y% in liquid = 0.35 


Pe WPi 
DELP ie p, = 0.65p ° 
„=0. 
Paa Petra x 
A = 0.45 _ Px 
total 


Liquids 


a a 


nee 
400 
ies 276.9 mm 


0.65 x 276.9 + 0.35p,° = 400 
py = 628.6 mm 


x and Y form an ideal solution. The van. 
pressure of X and Y at 100°C are 300 and 100 ma | 
of 


Hg, respectively. Suppose that a solution composeq 
of 


| mol of X and | mol of Y at 100°C is collected and conden 

This condensate is then heated at 100°C and vapour is a 

condensed to form a liquid A. What is the mole fracc 
0 


X in A? 


In vessel A 
px? = 300, py? = 100 mm 
l 1 


w paju 


Py = Xy x a 
Y 4 =25 


Py + PY = 225 + 25 =250 


Xx” in B= 225 6 E 
250 


in C Vessel Vessel 


„uid mixture of benzene and toluene is co 

A een and 1 mol of toluene. 

0 jf the pressure over the mixture at 300 K 
a. what pressure does the first vapour form? 
p. Whatis the composition of the first trace of vapour formed? 
o Ifthe pressure is reduced further, at what 

the last trace of liquid disappear? 
q. What is the composition of the last trace of liquid? 


What will be the pressure, the composition of th 
and the composition of the vapour, When 1 m 
mixture is vapourized? 


mposed of 1 mol 


1$ reduced, at 


pressure does 


© 


e liquid, 
ol of the 


Given: pz? = 32.05 mm Hg, pp? = 103 mm Hg 


a. The first vapour will be formed when the external pressure 
becomes equal to the vapour pressure of the system. 


p= LPT + PE Xp 
1 
pe 5 (32.05) += (103) = 67.52 mm Hg 


b. Composition of the first trace of vapour formed 
_ P°xr _0.5x32.05 
MP «67.52 
Xg = 1 — 0.24 = 0.76 
c. The last trace of liquid will disappear when the composition 
of the vapour phase become x, = 0.5 and Xr = 0.5. The 
pressure at which this occurs can be calculated as 
IL Xr, e058 95 
P PP BY 32.05 103 
P= 49.01 mm Hg 


= 0.24 


d. Composition of the last trace of the liquid will be 


oe Fp Xp 
XB P 
0.5 = 32.057, 
49.01 


Xg = 0.76 and Xz = 0.24 
è Xr = 0.642, x, = 0.358 and 
Xp = 0.642, x, = 0.358, P = 57.46 mm Hg 


and 1,2-dibromopropane, C,H,Br,, 
orm a series of ideal solutions over the whole range of 
a Mposition. At 85°C, the vapour pressure of these two pure 
‘Quids are 173 and 127 torr, respectively. 

^ Tf 10.0 g of ethylene bromide is dissolved in 80.0 g of 
L, 2-dibromopropane, calculate the partial pressure of cach 
component and the total pressure of the solution at 85°C. 


Calculate the mole fraction of ethylene bromide in the 
Vapour in equilibrium with the above solution. | 
at would be the mole fraction of ethylene bromide in a 


Solution at 85°C equilibrated with a 50 : 50 mole mixture 
in the vapour? 


Ethylene bromide C,H,Br,, 
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a. Moles of C,H,Br, = 10/188 = 0.0532 
Moles of C,H,Br, = 80/202 = 0.396 


0.0532 


M(CyH Bry) = 0.0532 + 0.396 _ ve 


P c HBr) = PPX CoH 4Br,) 

= 173 torr x 0.118 = 20.4 torr 
P cyHtgBr) =P? HBr) = 127 torr x 0.882 = 112 torr 
P ota = 20.4 + 112 = 132.4 


_ P(CyH4Bry) 


Y ap a S = 
Cai) = — p= 20.4/132.4 = 0.155 


P (CoHyBr,) ~ P (C3HgBry) 
1734C HBr) = 127K CyB r) 
=127(1 
173% = 127 (1 - %) 
300% = 127 > y = 0.423. 


The vapour pressures of two pure liquids A and B that form an 
ideal solution are 300 and 800 torr, respectively, at temperature T. 
A mixture of the vapours of A and B for which the mole fraction 
of A is 0.25 is slowly compressed at temperature T. Calculate 

a. The composition of the first drop of the condensate. 

b. The total pressure when this drop is formed. 

c. The composition of the solution whose normal boiling 

point is T. 
d. The pressure when only the last bubble of vapour remains. 
e. Composition of the last bubble. 


~~ Given 

Pa = 300 torr, 

Xa = 0.25, x= 1 — 0.25 = 0.75 

a. By the condensation of only one drop, we can assume 
that the composition of the vapour remains the same. 


Te _ _ Pa® Xa 
XB Pg? (1 TXA ) 
Putting various known values, we get 
Xa =0.111 and yx," = 0.888 
b. P=PA XA +P? Xa 
= 300 x 0.11 + 800 x 0.888 
= 743.7 
c. 760 = 300%, + 800x, 
X= 0.08 and x, = 0.92 
d. When only the last bubble of vapour remains, we 


can assume the composition of vapour is now the 
composition of the condensate. 


Hence, P = 0.25 x 300 + 0.75 x 800 = 675 torr 
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e. Compositi 


on of last bubble 


— PaKa 0.25x300 _ 0.11 
ta" p 65 
tao 0.89 
Calculate the vapour pressure lowering of a 0.1 m aqueous 
solution of non-electrolyte at yi, OF 
AH = 9.720 kcal mol", P, = 742.96 torr 
at 75°C is 


‘Sol. The vapour pressure of pure water, P p 
Pp, AH? (1_ 1 
log i? = es — 
P  2303R\Ī T 


= — 90 _( 5) — 0.410 
7.30 x1.978 (348 373 


4 = 2.51; P, = 296 torr 


l 
The vapour pressure lowering due to 0.100 m solute is 


mMw,P,° _ 0.1x18 x 296 _ 0.533 
1000 1000 


What is the composition of the vapour which is in equilibrium 
at 30°C with a benzene-toluene solution with a mole fraction 
of benzene of (a) 0.400 and (b) 0.600? 

P,° = 119 torr, p,° = 37.0 torr 


p, = 0.400 x 119 torr = 47.6 torr 
p, = 0.600 x 37.0 torr = 22.2 torr 
Pou = (47-6 + 22.2) = 69.8 torr 


The composition of vapour is determined by applying 
Dalton’s law of partial pressures: 


X= P _ 476 _ 9 699 
Poa 69.8 
22.2 
4 = —— =0.318 =1.000 — 0. 
Xp 69.8 0.682 


Similarly, for the case of the solution in which the mole 
fraction of toluene is 0.400, 


TLS 14.8 


Two liquids A and B form an ideal solution at temperature T 
When the total vapour pressure above the solution is 600 torr, 
the amount fraction of A in the vapour phase is 0.40 and in the 
liquid phase is 0.60. What are the vapour pressures of 

and pure B at temperature 7? iij 


Sol, The given data are 
Xa = 9.60; x,” = 0.40; P, = 600 torr 


pom bP B7? | 
Using equation i= P/F otal | 


V PA Z XAPA 
XA P P 
>o Xa Pa (0.40) (600) _ 400 torr 
or Pa LA (0.60) 


v 
Bi a (0.60) (OO) (000) = 900 torr 
(0.40) 


Similarly, Pg? = 


XB 


Wien poy 
TP A, 


The vapour pressure of chloroform (CHC! 4) and dichloromethane 
(CH,Cl,) at 298 K is 200 mm Hg and 415 mm Hg, respectively, 


Calculate l 
(a) The vapour pressure of the solution prepared by mixing 


25.5 g of CHCI, and 40 g of CH,Cl, at 298 K. 


(b) Mole fractions of each component in vapour phase. 


$ (a) Molar mass of CH,Cl, = 12 x 1 + 1 x2+35.5x2 
= 85 gmol | 
1, =12x1+1x1+35.5x3 

= 119.5 g mol”! 


Molar mass of CHC 


2 = 0.47 mol 
85 g mol 


25.5g 
119.5g mol`’ 
Total number of moles = 0.47 + 0.213 = 0.683 mol 


Moles of CH,Cl, = 


Moles of CHCI, = = 0.213 mol 


_ 0.47 mol _¢ 
Xcu,Ch 9.683 mol ` 


= 1.00 — 0.688 = 0.312 


688 


XCHCI, 
Pori = P°cuci, * P°cx,c1, -= P*cuci,) Xcx,Cl, 
= 200 + (415 — 200) x 0.688 
= 347.9 mm Hg 


(b) To calculate the mole fraction of component in vap™ 
phase, 


Via Fi. 
Fr 
-Pomo = 0-688 x 415 mm Hg = 285.5 mm Hg 


Penc, 7 0.312 x 200 mm Hg = 62.4 mm Hg 


Xi 


285.5 
Va Sa 
Xemen = 347970? 
62.4 
Xene = 347.9 9 = (0.18 


ee Since CH,Cl, is a more volatile component tha! 
3 [P cu,cl, ~ 415 mm Hg and P°cycı, = 200 mm Hg] | 
the vapour phase is also richer in CH,CL [x ae 0.82 and {ons 


E CH,Cl 
0.18], it may be concluded that at sbn, vapou! phe” 


wi . . 
Il be always rich in the component which is more volatil® 


CONCEPT APPLICATION EXERCISE 2.1 


j, Atsame temperature, the vapour pressure of pure benzene, 
; s 0.20 bar and the vapour pressure of pure toluene is 
0.09 bar. If the mole fraction of toluene in a solution is 0.60 
a. What is the total vapour pressure of the solution? 
b. Calculate the composition of the vapour in terms of 
mole fraction. 


At 20°C, the vapour pressure of pure liquid A is 22 mm 
Hg and that of pure liquid B is 75 mm Hg. What is the 
composition of the solution of these two components that 
has a vapour pressure of 48.5 mm Hg at this temperature 
(assume ideal behaviour)? 


we 


Pressure of 0.210 bar at 37°C. Calculate the vapour 


pressure of pure liquid (vapour pressure of water at 
37°C = 0.198 bar). 


w 


ANSWERS 


Labs 0.134bar b. EE = 0.597; s AIN = (0.402 
2, x, =0.5= Xp 3. P° = 0.448 bar 


2.9 AZEOTROPIC MIXTURES 


Binary mixtures that have same composition in liquid and 
vapour phase and boil at a constant temperature and can distil 
unchanged in composition are known as azeotropic mixtures or 
simply azeotropes (Greek meaning boiling without change). Thus, 
azeotropes behave as pure liquids. 


There are two types of azeotropes called as minimum boiling 
azeotropes and maximum boiling azeotropes respectively. 


(a) Minimum boiling azeotropes: The non-ideal binary 
solutions which show a very large positive deviation form 
Raoult’s law form minimum boiling azeotropes at a constant 
composition. For example, the solution of ethanol—water 
shows a large positive deviation from Raoult’s law (Fig. 2.12) 
as we can see from vapours-pressure—composition graph. A 
Solution at a particular composition has a higher vapour 


Table 2.3 Some azeotropic mixtures 


Maxi 


imum boiling azeotropes (negative deviations) 
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pressure and a lower boiler point than for any one of its 
pure components. At this point the composition of liquid 
and vapour phases is same and the liquid boils at a constant 
temperature which is lower than the boiling temperature of either 
of the pure component (Fig. 2.13, temperature—composition 
graph). | 

We indicate the composition of the vapour phase by upper 
curve and composition of the liquid phase by lower curve. At 
the boiling point temperature (T = 351 K), the composition 
of an azeotrope its X40) = 0.056 and WCyHsOH) 7 0.944, while 
the boiling point of pure ethanol and water 1s 351.5 K and 
373 K, respectively, which are higher than the boiling point of 
azeotrope. (Table 2.3) 


Ethanol XH,0 


Water 


Fig. 2.12 Vapour pressure-composition graph 


Azeotrope 


XH,0 = 0.056 
XC,H,OH = 0.944 


l 
l 
l 
L] 
l 
l 
l 
l 
l 
l 


Ethanol 


XH,0 
— 
Fig. 2.13 Temperature-composition graph 


Water 


Composition by Boiling point 


~ 


ution will only give any one of 
azeotropic mixture C. The 
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The fractional distillation of sol 


the pure components (A or B) and . 
fractional distillation is able to concentrate the alcohol to its best, 
approximately 95% by volume of 


been obtained the liquid and 
and therefore, it cannot be 
anol. Other methods of 


the azeotropic composition of 
ethanol. Once the composition has 
vapour have the same composition 
further distilled to separate water, from eth 


separation have to be used for preparing 100% ethanol. 
on which 


(b) Maximum boiling azeotropes: The non-ideal soluti 
aximum 


shows negative deviation from Raoult’s law form m 
boiling azeotropes. From the vapour-pressure— composition 
diagram (Fig. 2.14), we can see that the solution has a minimum 
vapour pressure at a particular composition. This leads to a 
maximum on the boiling-point-composition diagram (Fig. 2.15). 
At this composition the solution boils at constant temperature 
without a change in the composition, i.e., the liquid phase and 
vapour phase have same composition. For example, a solution of 
HNO, and H,O forms a maximum boiling point azeotropes. The 
composition of this azeotrope is 68% nitric acid and 32% water 
by mass and the boiling point is 393 K (Table 2.4). 

(c) Preparation of absolute alcohol: Absolute alcohol is prepared 
by azeotropic distillation method. Rectified spirit (95% C,H,OH) 
is mixed with a suitable amount of benzene and subjected 
to fractional distillation. The fractions obtained are shown in 


Table 2.4. 


H,O X HNO, —————> HNO; 
Fig. 2.14 Vapour pressure—composition diagram 


H,O Xano, HNO; 


Fig. 2.15 Temperature-composition diagram 


Table 2.4 Separation of azeotropes and preparation of absolute alcohol 


Azeotrope 


331.8K Ternary azeotrope 
341.2K Binary azeotrope 
351K Absolute ethanol 


Why is an increase in temperature observed on mixing 
chloroform with acetone? 


Sol. The bonds between chloroform molecules and mol- 
ecules of acetone are dipole-dipole interactions, but on mixin 

the chloroform and acetone molecules start forming hydro i 
bonds which are stronger bonds resulting in the release of, A 
This gives rise to an increase in temperature. ial 


The dissolution of ammonium chloride in water is ar 
endothermic process but still it dissolves in water readily Why? 


Sol. This is because of ent shang 
een entropy change. In this case, AS is 
. NH,Cl (aq) —> NH,® (aq) + CIP (aq) 
The ions that were held together in the crystalline solid are fi 
ree 


and move in all possible directi i 
NA ctions. Its entropy increases and then 


(i 


Composition 
H,O : Benzene : Alcohol 
(7.4% : 74.1% : 18.5%) 


Benzene : Alcohol 
67.7% : 32.2% 


KA 


Two liquids X and Y boil at 110°C and 130°C, respectivel¥ 
Which one of them has higher vapour pressure at 50°C? 


E the boiling point, more volatile it is. Her 
will have higher vapour pressure at 50°C. 


Why does a solut X | i 
ion of ethanol and evel an itive 

rs ohex ow pos! 

deviation from Raoult’s law? i icii 


Sali we 2 adding cyclohexane, its molecules get in petwee! 
ae tu es of ethanol thus breaking the hydrogen bonds % 
ing ethanol—ethanol interactions. This will increas¢ 


vapour pressure of th ; . 
: e solu è said ati 
from Raoult’s law. tion and result in positive dev! 


ILLUSTRATION 


RATION & s 
at do you understand by colligative properties? 


a 


‘he number of particles of solute but not on the nature of 
on 


up 
solute. 
| 
p ne four important colligative properties of solutions of non- 
al 


volatile solutes. 

(Gol. * Relative lowering of vapour pressure 
p. Elevation in boiling point 
c. Depression in freezing point 


d. Osmotic pressure 
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ions taken from the fridge 1s more comfortable than 


Cutting on! 
cutting those lying at room temperature. Explain why. 


At lower temperature, the vapour pressure is low. Less 
ours of the tear-producing chemicals are produced. 


vap 


Define an ideal solution. 


An ideal solution is a solution which follows Raoult’s 
law, A. if? = 0, A ix” = 0. In ideal solution the force of attraction 
between A-B is equal to that in A-A and B-B. 


Two liquids A and B on mixing produce a warm solution. Which 
type of deviation from Raoult’s law does it show? 


IS Warming up of the solution means that the process of 
mixing is exothermic, i.e., A ixi ff is negative. This implies that 
the solution shows a negative deviation. 


What type of liquids form ideal solutions? 


‘Sol. Liquids that have similar structures and polarities form 
ideal solutions. 


Under what condition do non-ideal solutions show negative 
deviations? 


‘Sol When the new forces of interaction between the com- 
Ponents are greater than those in the pure components, non-ideal 
Solutions show negative deviations. 


What are constant boiling mixtures called? 


‘Sol Azeotropes. 


What are maximum boiling azeotropes? Give one example. 
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Colligative properties are those properties which depend Maximum boiling azeotropes are those which boil at 


higher temperature than boiling point of each component in pure 
state, e.g., H,O and HCl. 


What are minimum boiling azeotropes? Give one example. 


Sol. Minimum boiling azeotropes are those which boil at 
lower temperature than boiling point of each component in pure 


state, e.g., H,O and C,H,OH. 


Give one example each of miscible liquid pairs showing positive 
and negative deviation from Raoult’s law. Give one reason for 


each for such deviations. 


Spi Positive deviation from Raoult’s law: A mixture of 
ethanol and cyclohexane shows positive deviation. When pure 
ethanol is added to cyclohexane the molecules of cyclohexane 
come in between the molecules of ethanol which results in the 
breaking of hydrogen bonds and thus positive deviation. 


.- H—0----H—0----H—0--- 


CH; GH; QH, 


Negative deviation from Raoult’s law: A mixture of 
chloroform and acetone shows negative deviation. When these 
are mixed, hydrogen bond is formed and negative deviation is 


shown: 


cl 
CH, 
CHCH +--+ =X 
| CH; 
Cl 


Can we separate the components of azeotropic mixture by 
distillation? 


Sol, No, we cannot separate the components of an azeotropic 
mixture by distillation because at a particular composition, both 
the components boil at the same temperature. 


2.10 COLLIGATIVE PROPERTIES 


In this section we have learnt that the vapour pressure of a solution 
decreases when a non-volatile solute is added to a volatile solvent. 
There are many properties of solutions which are connected with 
this decrease of vapour pressure. These are: (a) relative lowering 
of the vapour pressure of the solvent. (b) depression in the freezing 
point of the solvent; (c) elevation in the boiling point of the solvent, 
and (d) osmotic pressure of the solution. 


All the properties depend on the number of solute particles 
irrespective of their nature relative to the total number of particles 
present in the solution. Such properties are called colligative 
properties (colligative, from latin: co means together, ligare 
means to bind). 
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2.10.1 RELATIVE LOWERING OF VAPOUR PRESSURE 


Recall that the vapour pressure of a solvent in a solution is less 
than that of pure solvent, that is because in solution only solvent 
molecules contribute to the total vapour pressure since the 
solute is non-volatile. Then, according to Raoult’s law, the total 
vapour pressure of solution is equal to the mole fraction of solute 
multiplied to the vapour pressure of pure solvent, 1.¢., 


..-(1) 


= vapour pressure of pure solvent, X oivent ~ mole fraction 
= vapour pressure of solution) 


— O 
solution Xsolvent r solvent 


(PX 


solvent 
of solvent. Polution 


The reduction in vapour pressure of solvent (AP,) is given as 


AP Hh ge Px ay) 
es p” _ LP ata) 
=P ° -y .- (IV) 


Knowing that x, = 1 — Xa i.e., total mole fraction is one. 
Then. Eq. (iv) reduces to 
AP, =P Xn .(V) 
In a solution containing several non-volatile solutes, the lowering 


of the vapour pressure depends on the sum of the mole fraction of 
different solutes. 


Equation (v) can be written as 


... (V1) 


Equation (vi) is called the relative lowering of vapour pressure 
and is equal to the mole fraction of the solute. 


Determination of Molar Mass of Solute from Relative 
Lowering of Vapour Pressure 
The molecular mass of the solute can be determined by the 


relativing lowering of vapour pressure. Equation (vi) can be 
rewritten as 


P, = zea, R n 
A a = B ae 
-E =%4, = ...(vii) 
P ng +AA 
(where np and n a are mole numbers of 
solute, and solvent, respectively) 
"e We jin A 


j Mwg ` ^ Mw, 
(Mw; Mw, = molecular weight of solvent 
and solute, respectively; W a> Wp = weight 


of solvent and solute, respectively) 
W, 
E 


. (Vili) 
Mw, Mw 
For a very dilute solution, n 
comparison to n,. 
Then, Eq. (viii) reduces to 


oc Ee ie n ivi j 
n n, Hence, na 15 negligible in 


o 

P-R Wy |W, 
Pye Mw,/ Mw, -(Ix) 
P — 

or solvent T aiiin = ann x MW, oven 


Mw 
solvent solute ~ Men 


i aen = | 
Thus, the molar mass of the solute can be determined if | 
other quantities, i.e., Wolute W solvent? MW otven and the rel "| 


atiy, 
Pe =P eee 
i solvent solution 
lowering of vapour pressure | oon » are known 


ALTERNATE FORMULA FOR THE RELATIVE 
LOWERING OF VAPOUR PRESSURE WHEN 
THE SOLUTION IS NOT DILUTE 


P hoe Np 


Oo 
— * solution 
* solvent ___~ solution op 


fe) O -li 
F solvent i Nn j ity 


On reversing Eq. (i), we get 


pe — Mate _1, 7a 
po- ng Np 
= siae A 
P-R ng 
P°-P°+R _ na 
P -R Np 
FS: PR 
en m 
PE isa 
Fy nA 


Note: This equation can be used to solve the problem quickly. 
whether the solution is dilute or not. 


Experimental Method for the Determination of Vapour 
Pressure Lowering 
Static method 
a. Raoult’s bassometric method 
b. Differential barrometric method 
Dynamic method 
a. Ostwald and Walker method 
b. Differential barrometric method 
c. Transpiration method 


Ostwald and Walker method: The relative lowering in vap?“ 
pressure is determined by Ostwald and Walker method. Tr 
experimental setup is shown in Fig. (2.16). It consists of to ®* 
of bulbs. The first set of three bulbs is filled with solution. to bè" 
of their capacity and the second set of another three bulbs is filles 


with the pure solvent. 
Dry aif 
> ie Ká 


Weighed CaCl, tubes 


Solution 


Solvent 


Fig. 2.16 Ostwald and Walker method 
Each set is separatel 
connected 
of guard tubes filled wi 
with anh 
other dehy 


. af 
y weighed accurately. Both sets sd 
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N ps of solution and pure solvent are kept in a thermostate 


y he bul 
( Mr ntained at a constant temperature. 


My p acur ent of pure dry air is bubbled through the series of bulbs as 

wnin Fig. 2. 16. The air gets saturated with the vapours in each 
W ¢bulbs. The air takes up an amount of vapours proportional to 
S * vapour pressure of the solution first and then it takes up more 
th sount of vapour from the solvent which is proportional to the 
if rence in the vapour pressure of solvent and the vapour pressure 
„fsolution, ie P’ — Po. The two sets of bulbs are weighed again. 
tubes are also weighed. 


v 


Y The guard 
Loss in mass in the solution bulbs oc P, 
Loss in mass in the solvent bulbs oc (P° — P.) 
Total loss in the both sets of bulbs oc [P_ + (P° — PS] 
oc P° 
Total loss in the mass of both sets of bulbs is equal to gain in 
the mass of guard tubes. 


P -R _ Loss in mass in solvent bulbs 
Thus, — po Total loss in mass in both sets of bulbs 


Loss in mass in solvent bulbs 
Gain in mass of guard tubes 


Further we know from Raoult’s law, 


i P-R Wy /Ming 
PP W,/Mw, + Wg / Mwg 
Oy Hence, 


Loss in mass in solvent bulbs Wp / Mwg 


W, /Mw, + Wp /Mwp 


Gain in mass of guard tubes 
The above relationship is used for the calculation of molecular 
masses of non-volatile solutes. 
For very dilute solutions, the following relationship can be 
applied: 
P°-F _ Loss in mass in solvent bulbs _ Wp / Mwg 


Pe Gain in mass of guard tubes W, /Mw, 


c 
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‘ Calculate the molal lowering of vapour pressure for H,O at 
100°C. 


me Ei __ 
pe m +m 
m +n 


Let 1 mol of solute is dissolved in 1000 g solvent water. 


Also, P° = 760 mm for water at 100°C. 


po_p |_| 
S 1000 
1+ — 


18 


x 760 = 13.43 mm 


A current of dry air was bubbled through a bulb containing 
26.66 g of an organic compound in 200 g of water, then through 
a bulb at the same temperature, containing water and finally 
through a tube containing anhydrous calcium chloride. The loss 
of mass in the bulb containing water was 0.087 g and the gain 
in the mass of the calcium chloride tube was 2.036 g. Calculate 
the molecular mass of the organic substance. 


rn P°—F, _ Loss in mass of solvent bulb 
P° Gain in mass of CaCl, tube 


0.087 


2.036 


Let the molecular mass of the organic substance be Mw,. 
According to Raoult’s law, 


P-R __W,/Mw, 
pe W, z W 
Mw, Mw 
26.66 
0.087 | Mw, _ 26.66 
2.036 26:06 + mas 26.66 + 2 Mv, 
Mw, 18 18 
Mw, = 53.75 


_ What mass of non-volatile solute (urea) needs to be dissolved in 


100 g of water in order to decrease the vapour pressure of water 
by 30%. What will be the molality of solution? 


© Using Raoult’s law in the following form, 
P-P, _ W,Mw, 
Fy W\Mw, 
If P° = 100 mm, then P, = 70mm 
100-70_ W, x18 


70 100 x 60 
oto spami 
100 x 60 2 
Molality = 21000 _ 143.33x1000 _,, sg 
Mw, xW, 60 x 100 


A solution containing 30 g of a non-volatile solute in exactly 90 g 
of water has a vapour pressure of 21.85 mm of Hg at 25°C. 
Further 18 g of water is then added to the solution; the new 
vapour pressure becomes 22.15 mm of Hg at 25°C. Calculate 
the (a) molecular mass of the solute and (b) vapour pressure of 
water at 25°C. 


Sol, Let the vapour pressure of water at 25°C be P° and 
molecular mass of the solute be Mw.. 


Using Raoult’s law in the following form, 
P-R _ W, Mw, 
Fy W, Mw, 
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, (P2185) i) 

For solution (I), TET > 
P22) — 30x18 äi 
For solution (ID), ae = Tos x Mw, (ii) 


Dividing Eq. (i) by Eq. (ii), we get 


(P?= 21.85) A 108 _® 
21.85 (P°-22.15) 90 5 


P° = 23.87 mm of Hg 
Substituting the value of P° in Eq. (i), we get 
Mw, = 67.9 


The vapour pressure of a dilute aqueous solution of glucose is 
700 mm Hg at 370 K. Calculate the (a) molality and (b) mole 
fraction of the solute. 


“Sol. P° = Vapour pressure of water at 373 K = 760 mm Hg 
Using Raoult’s law in the following form, 


P-R _ W Mw, 
5 WiMw, 
n 760 — 700 _ W, x18 
700 W, x Mw, 
W- 60 
W, x Mw, 700 x18 
. W, 60 x 1000 
Molality = ——~—— x 1000 = ——— =4.76 
, x Mw, 700 x18 ii 


P, = Mole fraction of solvent x P°; 


Mole fraction of solvent = = = 0.921 


So. mole fraction of solute = 1 — 0.921 = 0.0789 


10 g of glucose (molar mass 180) and 20g of sucrose (molar 
mass 342) are dissolved in 100 g of water. What will be the 


vapour pressure of the resultant solution if the vapour pressure 
of water is 30 mm Hg? 


GRD Mass of glucose = 10 2 
Number of moles of glucose = 0.0556 
Mass of sucrose = 20 g 
Number of moles of sucrose = 0.0585 


Mass of water = 100 g 


Number of moles of water = 5.556 


Total number of moles 5.5564 0.0565 1 0.0556 


5.556 


5.67 
Mole fraction of water 


5.67 
Vapour pressure of solution 


Mole fraction of water < pe 


= 29.4 mm Hy 


1.0 molal glucose solution at 100°C. 


ster = 2 x 1000 
‘Sol. Molality ioe 


where W, = mass of solute in grams; 


W, = mass of solvent in grams 


K .,, 1.0 
or ta 2 = (0,001 


Applying Raoult’s law for dilute solution, 


P°-P, _ M 
P Mw, x Wi 


x Mw, 


760 — P; 
760 
or P, = 760 — 760 x 0.001 x 18 
= 760 — 13.68 
= 746.32 mm Hg 


= 0.001 x 18 [P° = 760 mm at 100°C] 


The vapour pressure of pure benzene at 50°C is 268 mm of Hg 
How many moles of non-volatile solute per mole of benzen? 


are required to prepare a solution of benzene having 2 vapo 
pressure of 160.0 mm of Hg at 50°C? 


Applying Raoult’s law in the following form: 
P-R _ M/Mw, 
R W, / Mw; 

= Number of moles of solute per mole of 


benzen? 
„ m _ (286-160) 


7 T = 0.675 
Alternative method 


W = fraction of 
e know that P; = Mole fraction of solvent ` F 
or 160 = Mole fraction of solvent x 268 


So, molar fraction of solvent = 


160 
-= 0.597 


Mole fraction of solute = | — 0.597 = 0.403 


Ny 


Mole traction of solute 0.403 


n Mole fraction of solvent 0.597 


= 0.675 


Lowerin à : 
4 g Ol vapour press : eo 
solution at 100°C ‘ty Ssure due to a solute in 1 molal aq” 

al. 


13.44 mm H g 
c. 


13.2 mm Hg b. 14.12 mm Hg 


d. 35.2 mm Hg 


D 


Calculate the vapour pressure of an aqueous solution l 


| 
| 


My 


0 


punue P eyo 


| Xp x 1000 


| re a 
Y (gol. a B (1-xg)Mwa 


FE = mole fraction of solute 
{p X 1000 Mw, = molar mass of solvent 
N.i: aa 
(1- Xp) x 18 
1p = 0.0176 
Xaz 1 — 0.0176 = 0.9824 
peP i" 760 x 0.9824 = 746.62 
AP = P? — P = 760 — 746.62 = 13.41 


I 


Calculate the vapour pressure lowering caused by the addition 
of 68.4 g of sucrose (molecular mass = 342) to 500 g of water 
ifthe vapour pressure of pure water at 25°C is 20.0 mm Hg. 


(Sol. According to Raoult’s law. 
P-R o mB 


l 68.4 
Given: 2, = —~—= 0.20: n= ~ = 27.78 and P° = 20.0 


342 


Substituting the values in the above equation, we get 
= 0.20 
0.20 + 27.78 


x 20.0 = 0.142 mm Hg 


Calculate the vapour pressure of an aqueous solution which 
contains 5 mass per per cent of urea. The vapour pressure of 
pure water is 23.5 mm Hg. The molar mass of urea is 60. 


‘Sol. Mass of urea = 5 g 
Mass of water = (100 — 5) = 95 g 


Number of moles of urea = = = 0.083 


Number of moles of water = z = 5.278 


Total number of moles = 5.278 + 0.083 
= 5.301 
278 
5.361 
P, = Mole fraction of solvent x P? 


5. 
= a x 23.5 = 23.14 mm Hg 


Mole fraction of solvent = 


The relative lowering of the vapour pressure of an aqueous 
solution containing a non-volatile solute is 0.0125. The molality 
of the solution is: 
a. 0.80 
c. 0.70 


b. 0.50 
d. 0.40 
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Sol. c. As we know 


4 2 De X = mole fraction of solute 
The ratio (P° — P)/P? is the relative lowering of vapour 
pressure, which is equal to 0.0125 here. 


“X= 0.0125 
The relation between m and ¥ is: 
Mwi,0) 
=18¢g mol | 
0.70 


© x2 *1000 0.0125 x 1000 
= yı x Mw, (1- 0.0125) x 18 
~ 0.9875x18 


m 


A current of air was bubbled through a bulb containing 7.5 g of 

an organic subsance in 75 g of H,O, then through pure water 

and finally through a U-tube containing fused CaCL. The loss 

in the weight of the first tube was 2.81 g and the gain in the 

weight of U-tube was 2.864 g. Calculate the molecular weight 

of organic substance. 

‘Soi (Ostwald and Walker’s method) 

a. Loss in weight of first bulb containing solvent ( let W,) is 
W aP, 

b. Loss in weight of second bubble containing solvent 
(let W,) is W, œ P= Py 

'c. Gain in weight of CaCl, tube (W, + W,) is 
W,+W,<P,+ P°-Ps 


<. Wit W, P° 
P=pas 2.864 — 2.81 = 0.054 
. P= B _ W, 
CO P W+, 
0.054 7.5 
5864 = Mu, => Mw, = 95.46 
75/18 


At 25°C, the vapour pressure of pure water is 25.0 mm Hg and 
that of an aqueous dilute solution of urea is 20 mm Hg. Calculate 
the molality of the solution. 


Ì The given values are: 
P,° = 25 mm Hg, P, = 22 mm Hg 
m=? 
Using Raoult’s law 
P-R a 
Pe ~ Xp 
Substituting all the values 
25 — 20 

= = 0.20 

XB 95 


The relationship between molality and mole fraction of 


solute in a dilute solution is 
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XB x 1000, where Mw, = molar mass of solvent 


Xa Mwa 
0.2 x 1000 

~  0.8x18 
Molality of solution is 13.8. 


Equal amounts of a solute are dissolved in equal amounts of two 
solvents A and B. The lowering of vapour pressure for solution 


A has twice the lowering of vapour pressure for solution B. 
f solvents A and 


If Mw, and Mw, are the molecular weights 0 
B, respectively, then 
a. Mw, = Mw, 

c. Mw, =4Mw, 


EBED d. Let solute (i) is added to solvents A and B. 


m = 


=13.8 


b. Mw, =a Mw,/2 
d. Mw, = 2M, 


ForA 

Fe-k _ Mwa 
f° 7 Mw, 

For B 

fis ~ Mv, 
Pe i Mw 


Given that lowering for solution A is twice to B 


M 
— 2( aR) => Mw, =2Mw, 


1 1 


Consider the following vapour pressure— composition graph. 
SP is equal to: 
a. PQOARS 
ce. SR+SQ 


b. PQ + QR 
d. PQ+QR+RS 


Total vapour pressure 


0 x% — S 1 


So. c. According to Dalton’s rule: Total pressure of a gaseous 
solution is equal to the sum of partial pressure, 


Pit PtP, 
=SR+SQ 


2.10.2 ELEVATION IN BOILING POINT 


A liquid starts boiling when its vapour pressure becomes equal 


to the external pressure. The temperature at which this occurs ig 
known as the boiling point of the liquid. If the external press É 
is 1 atm, this temperature is known as the no proge 
the liquid. When a non-volatile solute is ad 
the vapour pressure of the solution becom 
than that of the pure solvent (Raoult’s 


temperature at which the vapour press 


ded to a liquid solvent 
es comparatively smaller 
law). Consequently the 
ure of solution becomes 


aai ER weer 


rmal boiling point of 


equal to the external pressure, will be greater than that o¢ è 
solvent, thus raising its boiling point. As we know that N 
decrease in vapour pressure 1S directly proportional to the 
fraction of the solute in the solution, it is therefore expected te 
the corresponding increase in the boiling point also depen ds h 
the amount fraction of the solute in the solution. 
The elevation in boiling point on the addition of ą 

volatile solute to a solvent can be easily illustrated graphically i 


Fig. 2.17. 


1.0 atm (1.0135 bar) y 


AT, = Elevation in 
boiling point 


Fig. 2.17 Elevation in boiling point 


Figure 2.17 shows the variation of vapour pressure with ris 
in temperature for solvent and solution. The curve XY gives the 
variation in vapour pressure for pure solvent and the curve CD 
gives the variation of vapour pressure for solution at differen 
temperature. The curve CD lies below to XY because the vapor 
pressure of the solution is less than that of the pure solvent a 
all temperatures. 

It is clear from the figure that at atmospheric pressure | am 
the curve of vapour pressure for solvent XY and for solution CD 
intersect at A and B. A and B on temperature axis correspond 0 
boiling point of pure solvent (7°) and boiling point of soluto 
(T,), respectively. 

Thus, the boiling point of pure solvent 7,° is lower than Ùx 
of solution (T,). Hence there is an elevation or increase in & 
boiling temperature of the solution as compared to that of the 
solvent. 

The boiling point elevation depends on the amount of solut 
and experimentally it has been shown that the elevation in boilit? 
point is directly proportional to the molal concentration of ™ 
solute in the solution. 

i.e., AT, œ m or AT, =K,m wall 


Mere m (molality) is the number of moles of solute i 1s 
of solvent and the constant K,, is called boiling point elevatit 
constant (or ebullioscopic constant). The unit of K, is K kg ™ 


DERIVATION FOR THE ELEVATION IN BOILING 
POINT 


The elevation in boiling point (A7,) 
AT, = Boiling point of solution — Boiling point of pure solver 


This can be better understood by plotting a graph of vaP of 
A stent against temperature for a pure solvent and two soluti? 
b different concentrations. The curve of the solutions is awa 
elow the curve of the pure solvent. T.. T.. and T, rep% 
the boiling point Pa olution ! 
points of pure solvent, solution I, and solutio” 


» 
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activelY. The vapour pressure of pure solvent, solution I, and 


resp II at temperature T) are P°, P,, and P,„, respectively.. 


Atmospheric 
pressure 


È: 


Vapour pressure ——> 
ge 


l 
\ 
l 
l 
l 
l 
| 
| 
l 
l 
T 


0 1 T, 
Temperature ——> 


Fig. 2.18 Vapour-pressure—temperature curves 


Assuming that the solutions are very dilute, these curves may 
be approximately taken as straight lines near the boiling point. 
Thus, AACE and AABD are similar. 


AC_ AE 
AB AD 
or 
n- P-R 
AT. AP. 
a eel 3 
AT, AR 
or AZo AP 
From Raolut’s law for dilute solution, 
P°-R _ Wx Mw, 
a Mwg x Wa 
(P, = vapour pressure of solution) 
or P°- P, = Wes Pr 
Mwg x Wa 


For the pure solvent, P° (its vapour pressure at the boiling point) 
and Mw, (its molecular mass) are constant. 
We 
MwgW a 
Me 
Mw Wa 


P? oat a oc 
or APxATa 
_ We _ i) 


Mw,W . 
where K is a constant, called as elevation constant. 


or AT= K. 


When Be 1, (one mole of solute) and W, = 1000 g, then 
Mwg 
K 
AT = ————— z= K 
1000 = 

where K, is called molal elevation constant. It is defined as the 
elevation in boiling point produced when 1 mole of the solute is 
dissolved in 1000 g of the solvent. 
Thus, K = 1000K, 

Putting this values in Eq. (i) 

A» = 1000K, Wp 

Mw Wa 

orAT= Molality x K, 


(ii) 


[sine Vp 


x 1000 = Molality | 


The elevation the boiling point of a solution of non-electrolyte 
is proportional to its molality and equimolal solutions of all the 
substances in the same solvent will show equal elevation in 
boiling points. These are known as Raolut’s laws of elevation in 
boiling point. 


MOLAL ELEVATION CONSTANT AND ENTHALPY 


OF VAPOURIZATION 


The molal elevation constant is characteristic of a particular 
solvent and can be calculated from the thermodynamical 


relationship. 
Mw, RT; 
A, H x 1000 


vap 


__ RT, 


-= K, = —— 
K, b 1, x 1000 


where Mw, is the molar mass of solvent, T is the boiling point of 
solvent, R is the gas constant, and A,, H is the molar enthalpy of 
vapourization of the solvent. /, is the latent heat of vapourization. 


Following are the experimental methods for the determination 
of the elevation in boiling point (A7,): 
a. Beckmann’s method 
b. Cottrell’s method 


2 g each of two solutes A and B (molar mass of A is greater 
than that of B) are dissolved separately in 50 g each of the same 
solvent. Which will show greater elevation in the boiling point? 


The solution containing solute B will show greater 


elevation in the boiling point because AT, « P 
w 


Distinguish between the boiling point ofa liquid and the normal 
boiling point of a liquid. 


‘Sol. ) The boiling point is the temperature at which the vapour 
pressure of the liquid becomes equal to the surrounding pressure. 
The normal boiling point is the temperature at which the vapour | 
pressure is 1 atm. 


Explain why the melting point of a substance gives an indication 
of the purity of a substance. 


») Impurities cause depression in freezing point (melting 
More the impurities, lower is the freezing point. 


What happens to the vapour pressure of water if a table spoon 
of sugar is added to it? 


“Sol. ) Addition of non-volatile solute lowers the vapour pres- 
sure of solvent (water). 


2.30 Physical Chemistry 


onstant or ebullioscopic constant. 


Define molal elevation € 
constant is defined as the elevation in 


Molal elevation | 
olality of solutions 1s 


boiling point that takes place when the m 


unity. 


A and B boil at 130°C and 160°C, respectively. 


Two liquids 
our pressure at 80°C. 


Which of the them has higher vap 


Liquid A with lower boiling point is more volatile and 


therefore will have higher vapour pressure. 


Match the following if the molar mas 
same: 


s of X, Y, and Z are 


— RR 
10004A vap /MWsoivent 


, we have 


BID Since K,= 


B RT, 
K= — > = (constant) T, 
1000{ 22% i 
P MW iven 
b 

[Arh 2 

| a is taken to be constant as per Truton’s le 
> KZT 

Thus, we have 


K C= w 
s (X) = 0.73 kg K mol”; K, (Y) = 0.531 kg K mol”!; 
K, (Z) = 0.98 kg K mol! 


The boiling point of a soluti 
solution made by di ; 

lucose í i 5 y dissolvin 

APENA in 100 g of water is 100.34°C, Calculate rA 12.0 g of 

cight of glucose; K, for water = 0.52°C/m e molecular 


Sol. U . E . > . 


from elevation in boiling point, we have 


Mw.= K l Wg 
B bi 7 
mAT” 1000 | 


os 
100x034 1000 | 


(AT, = 100.34 
. = 100 = o 
= Mw, = 183.5 g mol”! 0.34°C) 


Oen U 


a 


—— 


A solution containin | i 
mass = 128) in 50 8 of carbon tetrachloride yields a boilin 


point elevation of 0.201°C while a solution of 0.6216 8 of 
lute in the same mass of the solvent gives : 


an unknown so 
boiling point elevation of 0.647°C. Find the molecular mag, 


of unknown solute. 


“Sol. We know that 


AT, xW, x Mw, 
K, = be 
1000 x W, 
0.201 x 50 x 128 
CCL: K = SE = 5.019 
For COly Bb ~ 1900 x 0.2563 


_ 1000 x K, x W, 
AT, x W, 


i ; : 
_ 000 x 5.019 x 0.6216 _ 9¢ 44 
0.647 x 50 


W3 


5 
DEE IL IE ZA 


The boiling point elevation constant for benzene is 2.57°C/m 
The boiling point of benzene is 81.0°C. Determine the boiling 


point of a solution formed when 5 g of C,,H,, is dissolved m 
15 g of benzene. 

Given weight of C,,H,, (Wg) =5 

Weight of benzene (W,) = 15 g 


Wg 
M x 1000 
AT, = Ky Te 
Ws 
a 1000 
= 2.57 180 = 476°C 


o— nas g 4 
Now, AT, =T -7° E = boiling point of pure solvent 


T, = boiling point of solution 
ae A Hi 

= 4.76 + 81.0 

= 85.76°C 


12.2 : <4 3, 
kg a eh acid is dissolved in (i) 1 kg acetone (A, = 1.9K 
The elevatnn (ii) : kg benzene (A, =2 6K kg mor). 
ns J; : : 
respectively. of boiling points are 0.19°C and 0.13°C 
a. What are the , 
solutions? molar masses of benzoic acid in the tW° 


b. What 
are the struct , 
solutions? ures of benzoic acid in the tW° 


Sol. Let M 
solutions. Wp be the molar mass of benzoic acid in the twe 
The molality of the solution is: 
m= 78 (2.2 g)/ Mwg 
Wa l kg 


g 0.2563 8 of naphthalene (molecula | 
4 


since AT, = K, m, we get: 


a, i. Acetone solution 


0.19 K = (1.9 K kg mar) 122 eat 
l kg 


19x122 


MWhenzoic acid 0.19 8 mol! =122 8g mol! 


ji. Benzene solution 


0.13 K = (2.6K kg mol) 2 emia 
l kg 
_ 2.6x12.2 


MW enzoic acid ~ oB 8 mol! = 244 8 mol! 


b. The actual molar mass of benzoic acid (C,H,COOH) 
is 122 g mol. This means benzoic acid is present as 
a monomer in acetone solution while it dimerizes in 
benzene solution. The structure of dimerized benzoic 
acid is . 


JO HO, 
& < Pa 
O—H---O 


The ebullioscopic constant for benzene is 2.52 K m’. A solution 
ofan organic substance in benzene boils at 0.125°C higher than 
benzene. Calculate the molality of solution? 


‘Sol. Given values are: 
K =232K m™ or 2.52 K kg mol! 
AT, = 0.125°C 
Using the relation, AT, = K,m 
fu 
K, 
_ 0:125 -0.05 


` Hence, molality of the solution is 0.05 m. 


18 g of glucose (C,H,,0,) is dissolved in 1 kg of water in a 
saucepan. At what temperature will the water boil (at 1 atm)? 
K, for water is 0.52 K kg mol !. 


‘Sol The given values are: 
Wii =18 g 
P in = kg 
K, = 0.52 K kg mol’ 
First we calculate elevation in the boiling point of solution. 
AT, = Ky x Weotute 
MW iiinis E Wotvent 
_ 0.52x18 
180 x1 
Since water boils at 373.15 K at 1 atm pressure, therefore 
the boiling point of solution will be 
Tg = T? + AT, = 373.15 + 0.052 = 373.202 K 
Thus, the boiling point of solution is 373.202 K 


= 0.052 K 
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0.90 g of anon-electrolyte was dissolved in 90 g of benzene. This 
raised the boiling point of benzene by 0.25°C. If the molecular 
mass of the non-electrolyte is 100.0 g mol ', calculate the molar 
elevation constant for benzene. 


Sol. The given values are: 


W solute = 0.90 8 

W eatvent = 90.00 8 

AT, =0.25°C 

MW inte = 100.0 g mol" 
Es? 


Using the formula 
_ At, x Weowvent X MWeotvent 
1000 x Mw, otute 
_ 0.25 x 100 x 90.0 

> 1000 x 0.90 
Thus, K, is 2.5 K ml. 


NRMP RR RE ee 


K, 


=I5Km~ 


The boiling point of benzene is 353.23 K. When 1.80 g of a 
non-volatile solute was dissolved in 90 g benzene, the boiling 
point is raised to 354.11 K. Calculate the molar mass of the solute. 
(K, for benzene is 2.53 K kg mol!) 


Given values are: 

T? = 353.00 K; K, = 2.53 K kg mol 
Tieci = 35400 K 

Wotte = 1-80 8 

Woaw WE 

The elevation in boiling point, AT, = Ty (solution) ~ 2b (solvent) 
= 354.11 — 353.23 


(benzene) 


=0.88K 

Molar mass of solute is given as 

K, x 1000 x W. 

M Weolute = : AT. W. solute 
b X M solvent 
2.53x10 ; 

MW site = ee Ue = 58.0 g mol`’ 

0.88 x 90 


Hence, the molar mass of solute is 58.0 g moľ!. 


Calculate the molar mass of a substance 1 g of which when 
dissolved in 100 g of water gave a solution boiling at 100.1°C ata 
pressure of 1 atm (K,, for water = 0.52 K kg mol`’) 


Sol, ) The given values are 
W,=1¢;K,=052 K kg mol 
W,= 100 g 

AT, = 100.1 — 100 = 0.1 

Using the equation 

Mwy = K, x Wp 

AT, xW, 
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Substituting all values, we get 
Mw, = 0.52 x1x 1000 _ 52 


0.1x 100 g 


n 40 g of benzene, the boiling 
an that of benzene by 0.81 K. 
ur? (K, for benzene 
= 32g mol”'). 


On dissolving 3.24 g of sulphur 1 
point of the solution was higher th 
What is the molecular formula of sulph 
= 2.53 K kg mol}, atomic mass of sulphur 


‘Sol. The given values are. 
Wg” 3.24g: Wa” 40g 


AT,=0.81 K; K, = 2.53 K kg mol! 
Using formula, 
K, x 1000 x Wp 
AT, x Wa 
On substituting all the values, we get 
2.53 x 1000 x 3.24 
Mw, = ome ee =253 


Let the molecular formula of sulphur = S, 


Mw, = 


Atomic mass of sulphur = 32 


Molecular mass = 32 x 


32x = 253 
253 
x= —=791= 
5 8 


- Molecular formula of sulphur = Sg 


A solution containing 12 g of a non-electrolyte substance in 
52 g of water gave boiling point elevation of 0.40 K. Calculate 
the molar mass of the substance. (K, for water = 0.52 K kg mol’) 


‘Sol. The given values are: 
W= 12 g: W,=528 
AT, =0.4K 
Using the formula, 


Mw 
j AT, x Wp 
0.52 x12 x 1000 
Mw, = = = 
j 04x52 300 


Molecular weight of solute is 300 g mol”. 


Molal elevation constant (K,) values : 
in the order: p) values of following alcohols are 
CH,CH,CH,CH,OH > (CH,),CH-CH,OH > (CH,),C-OH 

Explain in brief. uf 


Moving from CH,CH,CH 

z 3 2 CH OH to CH 

ia (CH,),CHCH,OH, the branching iicreases ie ie I 
ecreases resulting into decrease in van der W ; rface area 

hence boiling point, aal’s force and 


RT, Mw, 
| cer 70" il 
1000H, 
molecular weight (Mw R remains the same for all three alcoh 
ton’s rule, A, H/T, is almost constant for alg | 
t 


According to Trou 
liquids of almost simi 
Thus, RMwyTy is constant and K, © lg 
1000H, 

——__| 
2.10.3 DEPRESSION IN FREEZING POINT 
We know that at freezing point of a solvent, the solid and liquii 
are in equilibrium. This is possible only if they have sam, 
vapour pressure. Therefore, a solution will freeze when jt 
vapour pressure becomes equal to the vapour pressure of the 
pure solid solvent. Thus, the freezing point is the temperatur 
at which the solid and liquid states of the substance hays 
same vapour pressure. According to Raoult’s law, when; 
non-volatile solute is added to a solvent, its vapour pressur: 
decreases. The lower vapour pressure of a solution causes the 
lowering of the freezing point compared to that of the pur 
solvent. This may be illustrated graphically as shown in 


Fig. 2.19. 


lar kind of association. 


Vapour 
pressure 


B 
l 
I 
1 
1 
l 


AT; +—> Freezing point 
<— Depression 


Temperature (K)———> 
Fig. 2.19 Depression in freezing point 


n of vap 


In the above figure, curve BC shows the variate 
tion of 2% 


pressure of pure : i 
ae solvent with temperature. The addi 
DE show Ai a the vapour pressure of solvent. ~. 
cera t : variations of vapour pressure of solution with 
pie ra e. Curve AB corresponds to the vapour pressure ° i 

id at different temperature. 

Point B . ; 
liquid sates : ere solid and liquid solvents meet (i.e. solid a! 
temperature re the same vapour pressure), correspo? w 
correspondin cezing (7°) for pure solvent. The temp?” y 
solution g me point D where the solid solvent a ig 
pe i ss and liquid states have the same ve 

S . ; 

solution, e freezing point temperature (7) of 

From Fig. 2.19, it j 

» 4.19, itis c . ° ow? 
that the freezing te lear that T , is less than 7, p» this shi of 
pure solvent. The okies of the solution is less tha® off 
` crease i š A _ 
known as depression in pier freezing point AT; = 11 1 
zing point. 
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jar to the elevation in boiling point, the depression in 
imi point (AT;) for dilute solution is directly proportional 


or laity (m) of the solution. 
t 
ý AT, œ m or AT, =m x Ky ad) 


Thus. 


— 
> — a 


The roportionality | constant K, which depends on the 
of the solvent 1s known as freezing point depression 
al or cryoscopic constant. The unit of K, is K kg mol, 
fal 
Follow! 
of the dep 
a. Beckmann’s method 


ng are the experimental methods for the determination 
ression in freezing point (A7;) 


b. Rast’s method 


DERIVATION OF THE DEPRESSION IN FREEZING POINT 
The difference between the freezing points of a pure solvent and 
its solution 1S called depression in freezing point. 
(AD = Freezing point of the solvent — Freezing point of 
the solution 


This can be better understood by plotting a graph of vapour 
pressure against temperature for a pure solvent and two solutions, 
solution I and solution II. CFB is a curve for solid solvent. The 
solvent, solution I, and solution II vapour pressure curves meet 
CFB curve at points B, F, and C, respectively. Thus, 7,, T, and 
7. are the freezing point of pure solvent, solution I, and solution 
IL respectively. The solvent, solution I, and solution II are, thus, 
P*, P,, and P,, respectively (Fig. 2.20). 

For very dilute solutions, curves FD and CE are almost straight 
lines and CB is also nearly a straight line. ABEC and ABDF are 


similar. 


s Æ -= BE 
DF BD 
s ah- P-B 
h- P-P 
Or AT, _ AR 


Vapour pressure ——> 
vv 


T T, To 
Temperature —> 


Fig. 2.20 
From Raoult’s law for dilute solutions, 
-R _ WMw, 
Pe Mwa Wa 


Wa Mwa po 
MwgWa 
For the pure solvent, P° and Mw are constant. 
Wy 
Mwp x Wa 
ates Mees 
Mwg XW, 
Ws 
Mw, x Wa 
_ We Ai) 
Mw, x Wa 


where K is a constant called depression constant. 


or a Pe = 


pe - Ps oc 
or AP 
or AP œ AT x 


or AT= K 


When We | (one mole of solute) and W, = 1 g 
Wp 


if =1 and W, = 1000 g 
Mwg 


AT = K- K; 
1000 


where Ķ; is called molal depression constant. It is defined as the 
depression in freezing point produced when 1 mol of solute is 


dissolved in 1000 g of the solvent.. 


Thus, K = 1000K, 

Putting this value in Eq. (i), we get 
AT* = 1000 K; i 
Mwg Wa 


or AT = Molality x K; 


RELATION BETWEEN MOLAL DEPRESSION 
CONSTANT AND ENTHALPY OF FUSION 

K, is characteristic of a particular solvent and can be calculated 
from the thermodynamical relationship. 


_ Mwy RT og. = RT; 
f ApH x1000 "lę x 1000 
where Mw, is the molar mass of solvent, 7, is the freezing point 
of solvent, A, H is the molar enthalpy of fusion of the solvent, 
R is the gas constant, and /, is the latent heat of fusion. 


Determination of Depression in Freezing Point 


In case of depression of freezing point determination 
Case (a): When water as solvent is in excess, remaining water will 
separate out as ice. Refer Illustrations 2.135 and 2.136. 


Case (b): When solute is in excess, remaining solute will 
precipitate. Refer Illustration 2.137. 


Why is it advised to add ethylene glycol to water in car radiator 
while driving in a hill station? 


| Sol. Ethylene glycol lowers the freezing point of water, and 
therefore, it does not freeze in a hill station. 
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freezes at lower temperature than 


Sodium chloride solution 
ture than water. Explain. 


water but boils at higher tempera 

The freezing point of a liquid depresses ' 
of a non-volatile solute, and therefore, a solution of sodium 
chloride freezes at a temperature lower than the freezing point 
of water. On the other hand, there is elevation of boiling point 
on the addition of a non-volatile solute and consequently the 
boiling point of sodium chloride solution 1s more than that of 


water. 
solvent for measuring the 


Why is camphor preferred as a 
molecular mas 


| Sol. Camphor has a large K; 
causes large depression in the melting point of a 


very small amount of solute (naphthalene). 


es on the addition 


Rast method? 


value (39.8°), and therefore, it 
solution with 


Sodium chloride or calcium chloride is used to clear snow from 


the roads. Why? 

Sodium chloride depress the freezing point of water 
to such an extent that it cannot freeze to form ice. Therefore, it 
melts off easily at the prevailing temperature. 


Define molal depression constant or cryoscopic constant. 


It is the depression in freezing point when 1 mol of a 
lute is dissolved in 1000 g of a solvent. 


non-volatile so 


What is an antifreeze? 


A substance (such as ethylene glycol) which is added to 
water to lower its freezing point is called an antifreeze. It is so 


named because it delays freezing. 


What are units of cryoscopic constant? 


BID K kg mol”. 


What is de-icing agent? How does it work? 


Common salt is called de-icing agent as it lowers the 
freezing point of water to such an extent that it does not freeze to 
form ice. Thus, it is used to clear snow from roads. 


What do you understand by the term that K, for water is 1.86 
K kg mol !? 


It means that the freezing point of water is lowe, 


1.86 K when |] mol of a non-volatile solute is dissolved jp ie 
My 


g of water. 


depression constant of a solvent which } 


Calculate the molal 
6°C and latent heat of fusig 
3101 


a. Freezing point 16. 


180.75 J g”. 
b. Freezing point 20. 


200.00 Jg". 


0°C and latent heat of fusion 


__ RT 
Sol. a. K; K 1000 x i. +l) 
R=8.3145 K! mol! 
T,= 16.6°C = 273 + 16.6 = 289.6 K 


„= 180.75 J g` 
Substituting the values in Eq. (1), we get 


2 
ee 8.314 x (289.6) _ 3 86 
f 1900 x 180.75 


RE 
1000 x lr 
i= 273 + 20.0 = 293.0 


8.314 x (293.0)? 
2 ES 
1000 x 200.0 


b. K,= 


= 200.0 J g! = 


If the boiling point of an aqueous solution containing 4 not- 
volatile solute is 100.15°C. What is its freezing point? Given 
latent heat of fusion and vapourization of water 80 cal g and 


540 cal g’, respectively. 


Sgoil) For a given aqueous solution, 
AT, = K,* m a 
AT, = K, x m (i) 
2 
K,= RT; (i) 
1000 /, 
2 
K,= RT, Ai) 
10007, 
Dividing Eq. (iii) by Eq. (iv), 
Ky Ix, 
AT Texy 
AT, Tf xh 


T,=0 +273 =273K, 
T, = 100 + 273 = 373 K 
I= 80 cal g!, /, = 540 cal g”' 


A a 2 | 
0.15 373 x 373 x 80 

xA 

e a | 
T, = 0 - 0.542 =-0.542°C | 


or AT,= 


acetone dissolved in 100 g of benzene gave a solution 
“poem at 277.12 K. Pure benzene freezes at 278.4 K. 
when olid (A) dissolved in 100 g of benzene gave a solution 


froze at 277.76 K. C alculate the molecular mass of (A). 


We know that 
wh Wx 1000 


sr= Br Mwy x M 

where AT= Depression in freezing point 

- = Molal depression constant of benzene 
p, = Mass of solute 

w, -= Molecular mass of solute 


t= Mass of solvent 


Case I: (278.4 - 277.12) = Kẹ x a 
_ 14 | 
a k ...(1) 
2.8 x 1000 
Case II: (278.4 — 277.76) = Ky x tb 
see 
0.64 = Ay x Mw, P 


Dividing Eq. (i) by Eq. (ii), we get 
Mw, = 232 


The freezing point of a solution containing 50 cm? of ethylene 
aycol in 50 g of water is found to be —34°C. Assuming ideal 
saviour. calculate the density of ethylene glycol (K, for water 
=| 86K kg mol’). 


Sa AT= K; xW, x 1000 
Mw, x W, 


An aqueous solution of a non-volatile solute boils at 100,17°C, 


At 
nd porate will the solution freeze’? (Given: Ky, = 0,512 
t= 1.86) 


Sat We know that 


AT, = Molality x K, 
0.17= Molality x 0.512 


Molality of the solution = 0.17 m 
0.512 


L — 
et depression in freezing point be AT; 


Solutions 
AT, = Molality * Ky 
= O17 1 96 =0.62°C 
0.512 
Thus, the freezing point of the solution is 


0.00 — 0.62 = -0.62°C 
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A solution of urea in water has boiling point of 100.15°C. 
Calculate the freezing point of the same solution if K; and K, 
for water are 1.87 K kg mol! and 0.52 K kg mol |, respectively. 


WBA A7, = (100.15 - 100) = 0.15°C 
We know that AT, = Molality ~ K; 
, AT, 0.15 

Molality = K, aay 0.2884 
AT, = Molality x K; 

= 0.2884 x 1.87 

= 0.54°C 
Thus, the freezing point of the solution = —0.54°C 


By dissolving 1 


3.6 g of a substance in 20 g of water. the freezing 


point decreased by 3.7°C. Calculate the molecular mass of the 
substance. (Molal depression constant for water = 1.863 K kg 


mol!) 
_ 1000K; x M, 
W, x AT 
Given, K,= 1.863 K kg mol! 
W, = 13.6 g, W, = 20 g, AT=3.7°C 


X Fer 
Sa M 
sol. Mw, 


_ 1000 x 1.863 x 13.6 _ 
= 20 x 3.7 


342.39 


On dissolving 0.25 g of a non-volatile substance in 30 mL 


benzene (density 0.8 g mL”), its freezing point decreases by 
(.25°C. Calculate the molecular mass of non-volatile substance 


(K,=5.1 K kg mol). 
So) Mass of benzene, W = Volume x Density 
=30x0.8=24g 
Given, K,= 5.12 K kg mol', W, = 0.25 g 
AT = 0.25°C, 
We know that 


1000X; x W, — 

Mw, = TWAT (substituting all values) 
100 x 5.12 x 0.25 
— m = 213.33 

24 x 0.25 


In a cold climate water gets frozen causing damage to radiator of 
a car. Ethylene glycol is used as an antifreezing agent. Calculate 
the amount of ethylene glycol to be added to 4 kg of water to 
prevent it from freezing at —6°C. (K, for water = 1.85 K kg mol) 


2.36 Physical Chemistry o oo 


ES Given, 
AT = 6°C, W, = 4kg = 4000 g, Mw, = 62, K;= 1.85 


y= Mw, xW, x AT 
M2 1000 x Ke 


62 x 4000 x6 _ 94 32 g 
1000 x 1.85 


is a vapour- pressure-composition 
fA andB. 


The diagram given below 
diagram for a binary solution 0 


Vapour pressure 


XR — > 

In the solution, A-B interactions are: 

a. Similar to A—A and B-B interactions 

b. Greater than A-A and B-B interactions 

c. Smaller than A—A and B-B interactions 

d. Unpredictable 
c. The solution is showing positive deviation from 
Raoult’s law. Therefore interaction between A-A and B-B is 
smaller than A-B interaction. 


1.355 g ofa substance dissolved in 55 g of CH,COOH produced 
a depression in the freezing point of 0.618°C. Calculate the 
molecular weight of the substance (K; = 3.85) 


‘Sa AT=K Wp x 1000 
f Mwg x Wa 


where W, = mass of solute, Mw, = molar mass of solute, 
W, = mass of solvent 
1.355 x 1000 
Mw, x 55 
Mw, = 153.47 


What mass of sugar C \H,,0 (Mo = 342) must be dissolved in 
4.0 kg of H,O to yield a solution that will freeze at —3.72°C 
(Take K,= 186°C m’) | 


BED 47, = 3.72°C Mwya = 342 


0.61% = 3.85 x 


My 1000 
AT,= K; Mwy 
Wa 
Wir SEKAM, 
B 1000K; 
=> W= 3.72. 4x10" x342 3736% 


1000 x 1.86 


1 g of monobasic aci 


e freezing point depression and boiling ni 
elevation of a solution of 10.0 g of urea (M, = 60) in 50.0 g, | 
water at 1 atm. pressure. K, and K, for water 0.52°C m i | 

| 


1.86°C m” respectively. 
point = AT; and elevation in be 


Calculate th 


Depression in freezing 


ing point = AT, 
We 10 
AT,= Ke | 221000 | =1.86 $9. x 1000 }=6.2%¢ 
A 


AT, = Ky 


Wo 10 
Mws „1000 |=0.52| 2 x1000 |=1.7°c 
W, 50 


Freezing point (T) = Te-a 0 — 6.2 =-6.2°C 


Boiling point (7,) = Paes AL = 100 + 1.7 = 101.7°C 


d in 100 g of water lowers the freezing 
f 0.2 g of same acid requires 15.1 mL mol” 
alization, calculate the degres 


O is 1.86 K mol” kg. 


point by 0.168°. I 
of N/10 alkali for complete neutr. 
of dissociation of acid. K’, for H, 


_ 1000 x Kf x W 

Mw, xW, 

and AT = 0.168, W, = 1 g, W, = 100 g and K';= 1.86 
"Mwa = 110.71 (This is exp. mol. wt.) 

Now, mEq of acid = mEq of alkali 


0.2 1000 = is 
E 10 


AT 


s iwora- saa 
15.1 
<. Normal Mw = 132.45 x 1 
(Since monobs* 
HA == He + A 
Before dissociation l 0 0 
After dissociation (l-a) a a 
M 132.45 
Now, AiWNormal _ 22 14 q = a = 19.6% 


MWixp 110.71 — 


How many grams of sucrose (molecular weight 342) sho 
be dissolved in 100 g water in order to produce a solutions", 
105°C difference between the freezing point and the boiling P° d 
(K, = 0.51°C m™', K, = 1.86°C m») 


ISOD The given values are 


W 


solvent 


=100g 
MW ite = 342 g mol! 
T,- T,= 105.0°C 
Us; 
sing the formula, A7, = K,m and AT, = Kgn 


basi 


Solutions 2.37 


- iling point of solution (7,) = 100 + AT. . 


— Bo 
= 100+ Kym „À 

freezing point of solution (T) = 0 — A a 
=0- Kan ...(ii) 


gubtracting Eq. (ii) from Eq. (i), 
r,- T,= (100 + Kym) — (-Kyn) 
105 = 100 + 0.51m + 1.86m 
m=2.11 
Weight of sucrose to be dissolved in 100 g 
2.11x 342 x 100 
~~ 1000 


=72.16g 


A liquid possessing which ofthe following characteristics will be 

most suitable for determining the molecular mass of a compound 

by cryoscopic measurements? 

k. That having low freezing point and small enthalpy of 
fusion 

b. That having high freezing point and small enthalpy of 
fusion 

c. That having high freezing point and small enthalpy of 
vapourization 

d. That having large surface tension 


(SM) b. K, should be high so as to get a high value of AT, 
2 


Now Ky; œ qs 


45 g of ethylene glycol C,H,O, is mixed with 600 g of water. 
Calculate (a) the freezing point depression and (b) the freezing 
point of the solution. 


Given K,= 1.86 K kg mol”. 


‘So Depression in freezing point is related to the molality, 
therefore the molality of the solution with respect to ethylene 
glycol, | 


AT,= Kgn 


l 
Mole of ethylene glycol = 45 g x oe 


= 0.73 mol 
8 


. l kg 
Mass of water in kg = 600 = 0.60 kg 
ee "1000 g 


Hence, molality of ethylene glycol 
_ 9.73 mol 
0.60 kg 

Therefore, freezing point depression 

AT; = 1.86 K kg mol! x 1.2 mol kg™ = 2.2 K 
Freezing point of the aqueous solution 

TAT Ag 
= 273.15 K —-2.2 K=270.95K 


=1.20 mol kg! 


1.0 g of non-electrolyte solute dissolved in 50.0 g of benzene 
lowered the freezing point of benzene by 0.40 K. The freezing 
point depression constant of benzene is 5.12 kg mol”!. Find the 
molecular mass of the solute. 


Sol. Given values are: 


W satute = 1.0 8 
W siiven = 50.0 8 
AT, = 0.40 K 


K,= 5.12 K kg mol! 

Substituting this value in equation 
_ Ke x Wootute x 1000 
solute AT, xW, 
_ 5.12 K kg mol! x 1.0 x 1000 

0.40 K x 50.0 g 
= 256.0 g mol! 


Thus, molecular mass of the solute = 256.0 g mol! 


Mw 


olvent 


Addition of 0.40 g of a compound to 45.5 m L of benzene 
(density 0.879 g mL”) lowers the freezing point from 5.51°C 
to 4.998°C. If K, for benzene is 5.12 K kg mol", calculate the 


VOR 
A a sal 


cote = 0-40 g; K= 5.12 K m” 
Penzene) ~” 9-879 g mL"! 


V = 45.50 mL 


(benzene) 


Ali =1,=5.51=—5.05 =0512°C 
Now weight of benzene = V x p 
= 45.50 x 0.879 
= 40.00 g 


Molar mass of solute, M lute 
K px W. x 1000 
MW tute = “We xT 


solvent 


_ 5.12x0.40%1000 _ 409 
40 x 0.512 


Thus, the molecular weight of solute is 400 g mol. 


is calculated as 


The molal freezing point depression constant of benzene (C,H,) 
is 4.90 K kg mol", Selenium exists as a polymer of the type 
Se,. When 3.26 g of selenium is dissolved in 226 g of benzene, 
the observed freezing point is 0.112°C lower than pure benzene. 
Deduce the molecular formula of selenium. (Atomic mass of 
Se = 78.8 g mol`!) 


We oP AN 
Nw OD p 


|.) The given values are: 
K,= 4.90 K kg mol! 
W inte = 3-26 2 


solute 
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Woivent = 226 8 F e N OERI 
AT, = 0.112°C In a cold climate water gets frozen causing damages , 
Now, molecular mass can be calculated as radiator of a car. Ethylene glycol is used as an antifres th 
M K; x Weotute X 1000 agent. Calculate the amount of ethylene glycol the ad ed 
wW = —— > ; ; 4 0 
solute Weoivent * ATs Hat A anit prevent it from freezing at —8°C. (K, for a 
= 18 Km 
4.901 x 3.26 x 1000 ~ 632 | 
7 6x012 8 mo ‘Sol. The given values are 
| | =2kg =2 10° g; Mw, = 62 g mol! 
Now, molecular mass of Se, =x * 78.8 Wa 8 P 8 B 8 
i K,=1.8Km 
632 = pe AT.= 0 -(-8)=8° 
a tg AT, xW, x M 
= 78.8 l Using formula, Wg = a 
Molecular formula of selenium = Seg. l f 
_ 8x2x10° x62 


= W,= F511 
TuLustRation 2.128 B= 19% 1000 E 
Two elements A and B form compounds having molecular Therefore, the amount of ethylene glycol to be added; 


formula AB, and AB,. When dissolved in 20 g of benzene, 1 g 551.11 g. 
of AB, lowers the freezing point by 2.3 K, whereas 1.0 g of AB, 
lowers it by 1.3 K. The molar depression constant for benzene 


is 5.1 K kg mol '. Calculate the atomic mass of A and B. 
Two aqueous solution containing, respectively, 7 g urea (mola 


‘Sol. Given yalugs are; mass = 60 g) and 42 g of substance X in 100 g of water freeze 
Wap, = 1.0 83 Wyenzene 7 208 at the same temperature. Calculate the molecular weight of X 


Wa =i 0g m . 
- Sol. The given values are 
ATyapy = 23K ee 
2 l M res = 8 
AT, =1.3K 
f(AB,) Wy” 42 


Let us calculate the molar masses of AB, and AB,. 
For AB, compound 


_ Kg x Weotute * 1000 


Mw 
i Waaien x AT, 
5.1x1.0 x 1000 
Mw,„, = —————_=110.87 iC 
WAB, = 20.0x 2.3 aii 
. Mw,p, = 110.87 g mol! 
For AB, compound 
5.1x1.0 x 1000 
Mw,„, = ——————_=196.15 i 
WAB, 20.0x1.3 pma 


Let a is the atomic mass of A and f is the atomic mass of 
B, then 


MW pp = 0+ 2B = 110.87 old) 
Mw, = 0+ 4B = 196.15 (il) 
Subtracting Eq. (ii) from Eq. (i), we get 
—2B = -85.28 

B = 42.64 


Substituting the value of B in Eq. (i), 
a+2 x 42.64 = 110.87 

a = 110.87 — 85.28 = 25.59 

Atomic mass of A = 25.59 

Atomic mass of B = 42.64 


W,=100g 


. Wa x 1000 
Now using formula, Mw, = By X 1p XM 


AT, x Wa 
For urea, Mw, = Beet SE 60 i) 
AT, x 100 
For X Mvw', = Kp x 42 x 1000 „0 
AT; x 1000 
Dividing Eq. (i) from Eq. (ii), we get 
Be or Mw’, = 360 
Mwg 42 mB 


Molecular weight of X = 360 g mol! 


d in benz" 
alculaté ; 
oint 0! 

} 


The freezing point of 0.02 mole fraction acetic aci 
is 277.4 K. Acetic acid exists partly as dimer. C 
equilibrium constant for dimerization. The freezing P 
benzene is 278.4 K and the heat of fusion of benzene is ™ 
kJ mol™'. Assume molarity and molality same. 


SGN) For benzene, K’, = O RT 
1000/, (cal g~') 


_ 8.314% (278.4)? _ 5 9 K molalið 


3 
1000 x 10.042 x 10 
Also, 78 | 


For acetic acid in benzene 


Fe a ae 


2CH,COOH == (CH,COOh), 
0 


| pefore association C 

Ki | 
After association CU -a) Ca 
A , 2 
\ eat 

. C c a a)“ 

where & 1S the degree of association. Ai) 

m ; a 
Also AT= Kp X molality x (i = 2) (ii) 
ls Total particles at equilibrium = 1 — a + a z) 
2 
Given mole fraction of acetic acid = 0.02 = m 
ny + ny 
- Mole fraction of benzene = 0.98 = —" 
ny + n 
n, _ 0.02 
n, 0.98 
n 
Molality = — x 1000 
y 
1000 0.02 x 1000 
oe ee a0 


nxMw, 0.9878 


~ From Eq. (ii), 1 = 5x 0.262 x (i z =) 


<. a= 0.48 
From Eq. (i), assuming molarity = molality 
0.262 x 0.48 
e TO ae oe 3. 
2 x (0.262) x (1 — 0.48) 


The freezing point of 0.08 molal NaHSO, is —0.345°C. Calculate 
the percentage of HSO,° ions that transfers a proton to water. 
Assume 100% ionization of NaHSO, and K, for H,O = 1.86K 
molality”. 


GA naso, —> Na® + HSO, 
J 0 0 
0 ] ] 
HSO,7+H,O —> H,O? + SO,° 
] 0 0 
l-h h h 


-. Total particles after dissolution of NaHSO, 
=14+1-hth+h=2th 
Now, AT, = K; * molality x (2 + A) 
0.345 = 1.86 x 0.08 x (2 + h) 
«< 2+h=2.319 
~ h=0.319 
i.e., 31.9 % of HSO,° shows proton transfer to H,O. 


Solutions 2.39 


Given that the latent heat of fusion of naphthalene is 19.0 kJ 
mol! and its melting point is 80.2°C. Estimate the solubility of 


naphthalene in benzene at 162°. 


Sol. | Given 


T° = 80.2°C; T, = 76.2°C 
ApH = 90.0 kJ mol ' 
For an ideal solution 
AH 
2.303R(T°Y’ 
AH = 19000 J, T- T° = 4°C, 
R=8.314 
Substituting all values in Eq. (i), 
iagi = 19000 : 
8 314 x 2.303 x (353.20) 


log X% = Ts T°) wild) 


x (-4) 


or X% = 0.929 = 0.9 


If a solution containing 6 g of triphenyl methane, (CH,),CH 
(molecular weight = 244), in 1000 g of benzene is cooled to 
0.22°C below the freezing point of benzene, how much solvent 
will crystallize out and what will be the molality of residual 
solution? (K;= 5.1 K m`’) 


ìÀ Ifthe weight of benzene remaining as a liquid be W, g and 
assuming triphenyl methane to be soluble in liquid benzene, 


AT,=K;xm AT;=0.22,  K,=5.1 K m” 
.0.22=5.1 xm 

m = 0.0431372 = 0.043 

W, x 1000 
m= ——_—_ 

Mw, x W, 
0,043 = ÉX _, w = 571.86 

244 x W, 


Amount of benzene crystallizing out 
= 1000 — 571.16 = 428.14 g 


A very small amount of a non-volatile solute (that does not 
dissociate) is dissolved in 56.8 cm? of benzene (density 0.889 
g cm”), At room temperature, vapour pressure of this solution 
is 98.88 mm Hg while that of benzene is 100 mm Hg. Find 
the molality of this solution. If the freezing temperature of 
this solution is 0.73 degree lower than that of benzene, what 
is the value of molal the freezing point depression constant of 
benzene? 


Sol. Using Raoult’s law P, = x,P,° 
We get (98.88 mm Hg) = x, (100 mm Hg) 
or x, = 0.9888 


Hi a 
y \| 


2.40 Physical Chemistry ‘and solute. We will Amount of water separates as 1ce 
a . 


Let 1 mol be the total amount of solven 


have 
n, = 0.9888 mol p 
W, =n Mw, = (0.9888 mol) (78 g mol) = 77.126 g 


The molality of the solution is 


my ___0.0112 mol __ 9.1452 mol kg ' 
W, 77.126x10~ kg 


n, = 0.0112 mol 


m= 


Molal freezing point depression constant of benzene would 
be 
K,= — i ee = 5,028 K kg mol 

f m 0.1452 mol kg 


Questions based on when excess of solvent e.g., H,O is taken 
which separates out as ice on cooling 


Calculate the amount of ice that will separate out on cooling 
containing 50 g of ethylene glycol in 200 g of water to —9.3°C. 
(K, for water = 1.86 K m`!) 
ISo Here mass of solute = 50 g 
AT, = 9.3°; K,= 1.86 Km" kg 
Molecular mass of solute (CH,OH),, Mw, = 62 


We have to calculate the mass of water in which the given 
mass of solute will dissolve. The rest of water will freeze 
out as ice. Applying the relation 


Mw, = 1000:-K; W, 
W,-AT; 
_ 1000:K;-W, _ 1000 x1.86 x 50 
(= blag 
Mw,-AT; 62x 9.3 


Ice that will separate out = 200 — 161.3 = 38.7 g. 


1000 g of 1 molal aqueous solution of sucrose is cooled and 
maintained at —3.534°C. Find out how much ice will separate 
out at this temperature. (K, for water = 1.86 K m!.) 


"Sol 342 g in 1000 gofH,O=1m 
Weight of solution = 1342 g 
1342 g contains = 1000 g of H,O 


. 1000 
1000 g contains = 1 = 
g 1343 x 1000 = 745.156 g of H,O 


Let x g of water remains in liquid state. 


x g of H,O dissolves in 1 mol solute. 


745.15 g of H,O di af 
g of FLO dissolves = 745.156 mol of solute 


AT, = K, m 

3.534 = 1,86 x 149-156 
x 

x= 392.18 g 


= 745.156 — 392.18 


= 352.98 g 

Alternate method 

| m = 342 g per 1000 g of H,O 
Find sugar in 1000 g of solution. 
1342 g solution = 342 g sugar 


aan 342 x 1000 
1000 g solution 1342 
= 254.85 g 
Mass of H,O per 1000 g solution = 1000 — 254.85 


= 745.15 g 
_ K, x 1000 x grams of sucrose 
MW,ugar X grams of H,O left 
_ Ky x W, x1000 
Mw, x W, 
W = Kp x W, x 1000 
| AT; x Mw, 
1.86 x 254.84 x 1000 
i 3.534 x 342 
= 392.2 g H,O 
Ice separates out = 745.15 — 392.2 
= 352.95 g 


AT, 


Questions based on when excess of solute is taken which 
separates out on cooling 


A 10 m solution of urea is cooled to —13.02°C. What amount! 
of urea will separate out if the mass of solution taken is 1008 
[K, (water) = 1.86 K m‘] 


rae a AT, = 0- (—13.02) = 13.02 K 


m= AT/K, 


= 202 | 7.0. mol kg” 
ait 
~ m=10= —#2x1000 


60 x (100 — W,) 
' W,=37.5g 
Mass of H,O in this solution = (100 — 37.5) = 62.5 8 


The mass of water does not change as urea separates out” 
bring down the molality to 7 mol kg”. 


~. m= W2 x1000 
Mw, x W, 
. 7 = Wa x1000 


60x 62.5. => W,=26.25 g 


Mass of urea separated = (37.5 — 26.25) = 11.25 8 


a 


á iting point of phenol is 40°C. A solution containing 
| phe me acetanilide (CHOH) in 12.54 g phenol freezes at 
pl an Calculate the freezing point constant and the latent 
| 3929 on of phenol. 


neat of fus! 
— 39.25 = 0.75, Mw, = 135 


eu" 
ge, pease 
K=— = 0172 T000 0.738 K kg m 


et oom x ] 
135 12.54 
= 7.38 per 100 g 
7-273 +40=313 K 
RT _ 2313)" 
K: 7 4000 7x 1000 


rns? _ 2x19 
I= x1000 7.38 1000 


= 26.5 cal g” 


How much ethyl alcohol must be added to 1.00 L of water so 
hat the solution will not freeze at 4°F ? 


oe Using relation 
AT, = Kgn 
where AT; = —4°F 


or -4°F = -20°C jec = 7 (°F - 32) 


Therefore, amount of ethyl alcohol to be added 
= m x molecular weight 
= 10.7 x 46.0 
=495 g 


mS 


2.10.4 OSMOSIS AND OSMOTIC PRESSURE 


In nature we observe many phenomena, e.g., wilted flowers 
revive when placed in fresh water, blood cells get raptured when 
placed in brine (salt water). In all these natural phenomena we 
find one common, thing that is, all these substances are bound 
by membranes, These membranes can be of animal or vegetable 
origin and these occur naturally such as pig’s bladder or parchment 
or can be synthetic such as cellophane. These membranes appear 
to be continuous sheets or films. Yet they contain a network of 
Submicroscopic holes or pores. Small solvent molecules, such 
as water, can pass through these holes but the passage of bigger 
molecules such as solutes is hindered. Membrane having this 
d of properties are known as semi-permeable membranes. \n 
aboratory these type of memberanes are not useful because of 
their imperfect nature. Consequently, they can be even artificially 
Prepared. One such membrane is the film of gelatinous precipitate 
of cupric ferrocyanide, Cu,[Fe(CN),]. 
“mi-permeable membranes: These are of two types: 
a. Natural semi-permeable membranes: Membranes such as 
animal and vegetable membranes are found just under the 


| i «The vie’ is 
outer skin of the animals and plants. The pig's bladder 
the most common animal membrane used. 


b. Artificial semi-permeable membranes: Well-known 
examples of artificial semi-permeable membranes are 
parchment paper, cellophane, and certain freshly precipitated 
inorganic substances, €.£., copper ferrocyanide, silicates of 
iron, cobalt, nickel, silicates of iron, cobalt, nickel, copper 
ferrocyanide, etc. The precipitated substances have to pe 
supported on some material and this is achieved by preparing 
the precipitate on the walls of a porous pot. 


Osmosis 


If we place a semi-permeable membrane between the solvent and 
solution as shown in Fig. 2.21 assuming that only solvent molecules 
can pass through these membrane, the solvent molecules will flow 
through the membrane from pure solvent side to the solution side. 
This flow of solvent from a region of higher concentration (i.e., 
pure solvent) to a region of lower concentration (1.¢., solution) of 
solvent molecules is known as the phenomenon of osmosis. The 
phenomenon of osmosis was studied for the first time by Abbe 
Nollet in 1748. 


As a result of osmosis, the level of solution in the tube rises, 
whereas that of the pure solvent falls. After some time an 
equilibrium is reached where the level of the solution in the tube 
does not rise further. At this stage, the excessive hydrostatic 
pressure created on the solution side exactly balances the tendency 
of the solvent to pass through the membrane as shown in Fig. 
2.21(b). This excessive hydrostatic pressure is known as the 
osmotic pressure of the solution and is represented by symbol 
z. Thus, osmotic pressure may be defined as the excess pressure 
which must be applied to a solution to prevent the passage of 
solvent into it through a semi-permeable membrane. 


Excessive . Lowering of 
ressure Semi-permeable >- 
P b ~N extemal pressure 
| membrane \ 
EJA 
amt wW 
| = 3 Y 
ER | 
RSSSSSSSSES=SSSS=S3 
ee eette 
= Solution EEE Solvent FZ 


(b) 


Fig. 2.21 Osmotic pressure of the solution 


Osmosis can also take place between the solutions of different 
concentrations, In such cases, the solvent molecules move from 


the solution of low solute concentration to that of higher solute 
concentration, 


The phenomenon of osmosis can be checked by increasing 
the external pressure on the solution by an amount equivalent to 
the hydrostatic pressure as shown in Fig. 2.21(b). Alternatively, 
this can also be checked by reducing the external pressure on the 
solvent side by an amount equivalent to the hydrostatic pressure. 


——— 


Diffusion 
ve the movement of the 
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Between Osmosis an 


nd osmosis both invol | 
differ in the following respects: 


Difference 


Diffusion a 
molecules, still they 
Diffusion 


a. No semi-permeable memb- 
rane is needed for the diffusion 


process. 


a. The process of osmosis 
takes place through a 
semi-permeable 
membrane. 

b. The osmosis involves 
the movement of the 
solvent molecules only. 


b. In diffusion both the solute 
and solvent molecules 
can move. 


c. In diffusion, the molecules 
move from a region of higher 
concentration to a region 
of lower concentration. 


c. In osmosis, molecules 
of solvent move from 
a region of lower conc- 
entration of solution 
into a region of higher 
concentration. 

d. Osmosis is limited to 
liquid solutions only. 


d. Diffusion is common in gases 
as well as in liquids. 


e. It cannot be stopped or 
reversed. 


e. Osmosis can be stopped 
or reversed by applying 
additional pressure on the 
higher concentration side. 


Osmotic Pressure: A Colligative Property 
The osmotic pressure of a solution depends on its concentration— 
larger the concentration larger the osmotic pressure. 


Van’t Hoff (1887) made a thorough study of the osmotic pressure 
of the dilute or ideal solution. He concluded that a dilute or ideal 
solution behaves like an ideal gas and the different gas laws are 
applicable to the dilute solution as well. Van’t Hoff observed that 
for dilute solutions, the osmotic pressure (7) is proportional to the 
molarity, C of the solution at a given temperature T. 


Thus, 2=CRT (i) 


Here 7 is the osmotic pressure and R is the gas constant. Equation 


(i) is known as the van t Hoff equation for osmotic pressure of 
the solution. 


The determination of the molar mass of solute includes followin 
steps: i 

According to the Van’t Hoff equation, 

n= CRT 


But C= —B where V is th 
> e volume ofa solution in li a 
; itr 
n, moles of solute. es containing 


. Mp 
s R= R 
á Gii) 
If W, 

g grams of solute of molar mass; Mw. i 

solution, then ny = Wg B'S Present in the 
Mw, 
ny = WRT 

Mwg (iii) 


| 
cs —=—- Rc 
——— 
| 


WRT | 


or Mw, = 
mV 7 “iy | 
Thus, knowing the quantities W,, T, n, and V, we can calcula 
e 


h 


molar mass of the solute. 
The principal application of osmotic pressure meas, 
is in the determination of the molar mass of a substance my 
is either slightly soluble or has a very higher molar m iy 
as proteins, polymer of various types, and colloid. The Os Ki 
pressure method has the advantage over other methods ag at | 
measurement is around the room temperature and the mo g 
of solution is used instead of molality. As compared tg a 
colligative properties, its magnitude is large even for very 
solutions. The technique of osmotic pressure for determinas 
of molar mass of solute is particularly useful for biomolecy tio 
they are generally not stable at higher temperature and Polym, 
$ 


have poor solubility. 


Oth 
diy, 


Osmotic pressure of mixture of two solutions 

Case I: Let two solutions of same substance having differ 
l i 

osmotic pressures T; and n, are mixed. The osmotic pressure i 

the resultant solution can be calculated as 


n Vitan TRV + n) 
where V, and V, are the volumes of two solutions and z, is i, 
resultant osmotic pressure. 


Case II: Let n, and n, are the number of moles of two differen 
solutes present in V, and V, volumes, respectively. 


The osmotic pressure of the mixture can be calculated as 


= %+% = ni, RT n ni RT 
(V, T V3) V, + V5) 
— (mi + Mp) 
(VV, +n) 


Here i, and i, are Van’t Hoff factor for the two solutes. 


Ilsotonic, Hypertonic, and Hypotonic Solutions 


When two solutions of different osmotic pressure are separated 
semi-permeable membrane, the solvent molecules flow from h 
solutions of lower osmotic pressure towards the solution of high! 
osmotic pressure. This process continue till both the soluto" 
attain the same Osmotic pressure. At this stage, there is no fur 
osmosis. Such solutions having same esmatic pressure are cal 
isotonic solutions or isomotic pressure. 


nee emcee ™ = CRT, it is clear that if two solutio” 
ae pean. they must have same osmotic prs 
adé pela Thus, solutions of equimolar concentrat 
eT, mperature have same osmotic pressure, ies 
sol tia aa Solutions has more osmotic pressure than so™ of 
less plat called hypertonic. On the other hand a solution ha i 
aioe ey than the other solution is called hyp’ 7 
with respect A ene solution is more cone ies 
sonicenie tte o er solution and a hypotonic solution T 
the osmotic with respect to the other solution. For ex" 0! 
cell is equiv eres associated with the fluid inside 
de sai j p that of 0.9% (mass/volume) NaCl 5$ 
called normal saline solution, and it '§ "sit! | 


inject i 
ject intravenously. On the other hand if we place the j 


a 
tio” 
ol f 


Po 


EN 
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jution containing more than 0.9% NaCl, water will flow out of 
s > cells and they would shrink (i.e., hypertonic solution). If the 
alt concentration is less than 0.9% (hypotonic solution), water 
will flow into the cells and they would swell. 


experimental method for determination of osmotic pressure 
There are 
osmotic pr 

a. Pfeffer’s method 


p. Morse and Frazer’s method 
c. Berkeley and Hartley’s method 
From the above-listed methods, Berkeley and Hartley’s method 


is widely used. 


various methods employed experimentally to determine 
essure, few of them are listed below: 


giological Importance of Osmosis 


The growth of plants and animals depends largely on the 
phenomenon of osmosis. Plant and animal bodies are composed of 
avery large number of microscopic units called cells. Cells contain 
a fluid and are composed ofa living cytoplasmic membrane which 
behaves as semi-permeable membrane and is responsible for the 
phenomenon of osmosis in living organism. 


When a cell comes in contact with water or some dilute solution, 
the osmotic pressure of which is less than that of cell fluid present 
into the cell, there becomes a tendency of water to enter into the cell 
through the cell wall. This causes rupturing of the cell, a process 
known as hemolysis. The pressure developed inside the cell due to 
the inflow of water into it is called turgor. On the other hand, if the 
cell comes in contact with a solution of higher osmotic pressure, 
the cell would shrink due to the water going out of the cell through 
the cell wall. This shrinking of the cell is called plasmolysis or 
crenation. 


Following are some processes regulated by osmosis in plants 

and animals: 
a. Plants absorb water from the soil through their roots due to 
osmosis because the concentration of cell gap inside root 
hair cells is higher than that of the water present in the soil. 


b. Osmosis helps in the rapid growth of plants and in the 
germination of seeds. 

c. Bursting of red blood cells when placed in water is also due 
to osmosis. 

d. Different movements of plants such as opening and closing 
of flowers, etc., are controlled by osmosis. 

e. A 0.91% solution of pure NaCl is isotonic with human red 
blood cells (RBCs). Therefore, in this solution, RBCs neither 
swell nor undergo plasmolysis. 

. A pure NaCl solution with concentration less than 0.91% is 
called hypotonic solution. On placing RBCs in this solution, 
they will swell and even burst. 

8. Apure NaCl solution with concentration more than 0.91% is 
called hypertonic solution. On placing RBCs in this solution, 
they shrink due to plasmolysis. 

h. People taking a lot of salt or salty food experience water 
retention in tissue cells and intercellular spaces because of 
Osmosis. The resulting puffiness or swelling is called edema. 


me 


i. The use of salt and sugar as preservatives in pickels and jams 
has its basis in preventing growth of fungi and bacteria by 


osmosis. 


2.10.5 REVERSE OSMOSIS 


The direction of osmosis can be reversed by applying higher 
pressure than the osmotic pressure to the solution side. As a 
result of this the solvent starts flowing from solution side towards 
the pure solvent through the semi-permeable membrane. Thus, 
reverse osmosis is the process of movement of solvent through 
semi-permeable membrane from the solution to the pure solvent 
by applying excess pressure on the solution side. 

This phenomenon has got a great practical utility. Reverse 
osmosis is used in water purification and desalination of sea water. 


For this purpose a variety of polymers are available these days. 


The pressure required for the reverse osmosis is quite high. A 
workable porous membrane is a film of cellulose acetate placed 
over a suitable support. Cellulose acetate is permeable to water 
but impermeable to impurities and ions present in sea water. 


Pressure 
>T 
Semi-permeable Semi-permeable pom 
membrane 4 membrane J 


se 


Water 
outlet 


<| Water moves to | 
(b) Reverse osmosis 


[Water movesto_ [> 
(a) Osmosis 


Fig. 2.22 A schematic set up for the reverse osmosis used for desalination 


of sea water 


In Fig. 2.22(a), when there is no any external pressure applied 
to the salt water solution, fresh water flows towards salt water 
through semi-permeable membrane due to osmosis process. When 
a pressure greater than the osmotic pressure (7) is applied on the 
salt water [Fig. 2.22(b)], the pure water flows from the salt water 
side to pure water side through semi-permeable membrane. As 
a result water is squeezed out of sea water. Thus, pure water is 
obtained which does not contain any dissolved undesirable salt. 


2.10.6 RELATIONSHIPS BETWEEN DIFFERENT 
COLLIGATIVE PROPERTIES 


Osmotic Pressure (7) with Relative Lowering of Vapour 
Pressure 


Ny 


Osmotic pressure (1) = CRT = — RT (i) 
Relative lowering of vapour pressure 
> its Ks =% * ue} 
p° — A 
[e] 
or n, =n X K -hs 
Pe 
7 w= -R 
Mw, pe va Al) 


i 
! 
| 
i 
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Substituting Eq. (ii) in Eq. (i), 
VMw, Pe 
_ dRT 74 a 
Mw, P° 


density) =F | 


Osmotic Pressure (r) with Elevation in Boiling Point (AT,) 
K, x n x 1000 


Elevation in boiling point (A7) = Kym = W 
l 
7 
or ma (iii) 
“ Ky, x 1000 


Substituting Eq. (iii) in Eq. (1), 
AT, xW x RT 
V x K, x 1000 


K,x1000 V  K,x1000 


Osmotic Pressure (n) with Depression in Freezing Point 


(AT,) 
Depression in freezing point (AT,) = Kgn = fame 
l 

Atx (iv) 
K; x 1000 
Substituting Eq. (iv) in Eq. (i), 

AT; x W, x RT 

K; x1000 xV 

_ AT, x dRT Je W, 

K; x1000 an a 


orn, = 


c= 


Elevation in Boiling Point with Relative Lowering of Vapour 
Pressure 
K, x n, x 1000 


Elevation in boiling point (A7,) = K,m = W ..-(V) 
] 
Relative lowering of vapour pressure 
ss = y, 272 =2 x Mw ee 
Pr n o n Mw, 
orn, = — x mM i 
2 Pe Mw, ...(V1) 


Substituting Eq. (vi) in Eq. (v), 


_ Se PA) 
j Mw, Pp? 


Depression in Freezing Point with Lowering of Vapour 


Pressure 


Depression in freezing point (AT) = Kym = W 
l (vii) 


Lowering in vapour pressure 
P-R ‘2 


= x —é = st M 
Pe eae ny he "i 


ee 

(PB), M 

a P? Mw, A 
“(i 


Substituting Eq. (viii) in Eq. (vii), 


1000 x Ky (Po P-R) 


A T; = Mw, P° 


Define osmotic pressure. 


‘Sol, Osmotic pressure is the extra pressure that is to oe 
on i the solution side when the solution and solvent are i, 
by a semi-permeable membrane to stop osmosis. Tae 


What is reverse osmosis? 


When the hydrostatic pressure applied on the Soluti 
side is more than the osmotic pressure of solution, then solve 
molecules from solution side enter in to the solvent side throug 
semi-permeable membrane. This process is called reverse osmosi 


SAS 


"Betty xin the underlying falas of the purification gj 
water by reverse osmosis. 


ol.» When pressure greater than osmotic pressure is applied 
the salt water side of a semi-permeable membrane, water molec 
flow through the membrane towards pure water side. 


State how does osmotic pressure vary with temperature’ 
ase in tempen 


‘Sol _Two solutions which have the same osmotic prest ~ 


Outer hard shells of two eggs are removed. One of the = sl 
placed in pure water and the other is placed in saturated solu 
of sodium chloride, What will be observed and why? 


Sol. | The egg placed in water will swell due to the oa 
pure water into the egg. On the other hand, the egg placed’ 
saturated solution of NaCl will shrink due to the osmosis © hi . 
out of the egg. This is because osmosis always occurs 7 
concentration of solvent to lower concentration of solvent: 


wate 

When api vdtated fruits and vegetables are placed si would? 
they slowly swell and return to original form. ys 
temperature increase accelerate the process? Explain. 


Solutions 2.45 


The cell walls of fruits and vegetables are semi-permeable. 
The liquid inside the cells in the dried fruits and vegetables is more 
j oncentrated. When these dried fruits and vegetables are placed in 
water, water enters the fruits and vegetables due to osmosis and 
they swell and return to their original form. Since the increase in 
temperature increases the osmotic pressure (z œ T), the process 
gets accelerated. 


Why is great care taken in intravenous injections to have 
comparable concentration of solutions to be injected to that of 
blood plasma? 


During intravenous injections, the concentrations of the 
solution to be injected should be comparable to blood plasma. If 
the solution is less concentrated, its osmotic pressure will be low. 
The water will try to move into the red blood cells through the cell 


| walls. As a result, cells will swell and burst. On the other hand, if 


the solution is more concentrated, the water in the cells will try to 
move outside the cell to the more concentrated solution by osmosis. 
This causes cells to shrink and consequently cease to function. 


Which colligative property is preferred for the molar mass 
determination of macromolecules (i.e., proteins and polymers)? 


a. The molecular weight of macromolecules (e.g., proteins 
and polymers) is very high, hence the measured values 


AP l 
(eg, T AT,, af, will be very less and thus cannot 


be determined accurately. 

Although the osmotic pressure will also be less but it can 
be measured, since it is not the difference in pressure as 
in the cases of other colligative properties. 


b. The osmotic pressure is measured at room temperature. 
So the properties of macromolecules do not change, 
whereas all other methods require heating which changes 

the properties of macromolecules, e.g., the proteins 
may coagulate and polymers may decompose at higher 
temperature. 


Addition of HgL to the aqueous solution of KI shows an increase 
in the osmotic pressure, why? 


‘Sol, Hgl, forms a complex with KI, and therefore, the number 
of particles in solution increases. 


Hgl, + 2KI > K,[Hgl,] =— 2K® + [Hgl,]” 


Therefore, the osmotic pressure increases. 


What will happen if pressure greater than the osmotic pressure 
is applied on the solution separated by a semi-permeable 
membrane from the solvent? 


MSG} It will result into reverse osmosis, i.e., there will be net 
flow of the solvent from the solution to the solvent. 


What is osmotic pressure and how is it related with the molecular 
mass of a non-volatile substance? What advantage the osmotic 
pressure method has over the elevation of boiling point method 
for determining molecular masses? 


Sol. For definition of osmotic pressure, refer to Section 2.10.4. 


nV = nRT 
n= Rp a BX RT 
V Mwg xV 


_ WBxRxT 


Mw 
= mTxV 


where Mw, is the molar mass of the solute. 


The advantage of the osmotic pressure method is that it is 
measured at room temperature. It is convenient to measure at room 
temperature than at boiling point. The value of osmotic pressure 
is quite appreciable even for very dilute solutions of polymers as 
compared to that of elevation boiling point. 


an Ae Bek 


Why a person suffering from high blood pressure is advised to 
take minimum quantity of common salt? 


The osmotic pressure is directly proportional to the 


concentration of solutes. Our body fluid contains a number of 
solutes. On taking large amount of common salt, Na® and CIF 
ions enter into the body fluid thereby raising the concentration of 
the solutes. As a results, osmotic pressure is increased which may 
rapture the blood cells. 


Blood freezes at 272.44 K and a solution of 3.0 g of urea in 250 
g of water freezes at 272.63 K. Calculate the osmotic pressure of 
blood at 300 K. (Assume density of blood at 300 K to be 1 gee) 


} In this question first calculate K, of water from urea 
solution. 


Ws 
AT,= K| 22 x 1000 
A 
> K,= Alt 
Wp 
u | 
“Bx 1000 
Ws 
0.3 
=> K,= m =1.85 


5 
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Now determine the molality of blood by using 
AT,= Kpm 
Now AT, = 273 - 272.44 = 0.56°C 


Note: Colligative properties are defined for dilute solution. 


Assume molarity = molality. 


= Molarity = molality = 0.303 
Now using n = CRT 
— n = 0,303 x 0.082 x 300 = 7.46 atm 


x got non-electrolytic compound (molar mass = 200) is 
dissolved in 1.0 L of 0.05 M NaCl solution. The osmotic pressure 
of this solution is found to be 4.92 atm at 27°C. Calculate the 
value of x. Assume complete dissociation of NaCl and ideal 


behaviour of this solution. 


a. For NaCl: n = iCRT=2 x 0.05 x 0.0821 x 300 
= 2.463 


b. For unknown compound: 
z= CRT =—— x 0.0821 x 300 = 0.1231x atm 
200 


Total osmotic pressure n = 7, + T, 
4.92 = 2.463 + 0.1231x 
x= 19.959 g 


The osmotic pressure of a solution is 1.3 atm. The density of 
solution is 1.3 g cm”. Calculate the osmotic pressure rise. 
(1 atm =76 cm Hg, dy, = 13.6 g cm) 


AD «= hag 


13% 76% 136*g=hx11lxg 


Zz 1.37 7613.6 
13 CO 
= 1033.6 cm 


Two solutions of glucose have osmotic pressure 1.5 and 2.5 at 
respectively. 1 L of first solution is mixed with 2 L of i : nd 
solution. The osmotic pressure of the resultant solution will 
a. 2.62 atm b.6.12atm €&3.26atm dd. 2.16 i j 
BID d. n, V, +n, V, = nV + V,) 
1.5x1+2.5x2=m*3 


h 


_ 6.5 
= = 2.16 atm 


g urea are dissolved in 1 L aqueous "m 


18 g glucose and 6 | 
at 27°C. The osmotic pressure of the solution will be 


lution 
b. 4.926 atm 
d. 4.42 atm 


a. 8.826 atm 


c. 2.92 atm 


ete (18. + 5) 0.0821 300 
180 60 


nm = 4.926 atm 


The osmotic pressure of decimolar solution of urea at 27°C jg 


a. 2.49 bar b. 5 bar c. 3.4 bar d. 1.25 bar 
“ a. Tv = CRT 

= 0.1 x 0.083 x 300 

= 2.49 bar 


The osmotic pressure of a solution at 0°C is 4 atm. What will te 
its osmotic pressure at 546 K under similar conditions? 


a. 4 atm b. 9 atm c. 8 atm d. 6 aim 
ota, 2 Oe 
my CRT, 
T at 
Tt ë D 
4A _ 273 
m, 546 
T, = 8 atm 


0 . 7 à E ' ` 5 yr 
3% solution of glucose is isotonic with 1% solution of ® 


volatile non-electrolyte solute. The molecular mass of the solv 
would be 


a 180 b. 160 c. 120 d. 60 
d. T glucose = Te sotute 
glucose -= Caoine 


e (Max L 
Mwa d glucose Mwg xV solute 


co -( 1x 1000 
180 x100 ahicose Mwg x100 solute 


Mw,,(solute) = 60 


Solutions 2.47 


300 cm? of an aqueous solution contains 1.26 g a polymer. The 
osmotic pressure of such solution at 300 K is found to be 1.26 
x 10° bar. Calculate the molar mass of the polymer. 


(Gol Mwg 
Wa RT 
Mig a 
_ 1.26 0.083 x300 
0.3 1.26x107 


= 83000 g mol! 


| The solution containing 10 g of an organic compound per litre 
showed an osmotic pressure of 1.18 atm at 0°C. Calculate the 
molecular mass of the compound (R = 0.0821 litre atm per 


degree per mol) 
(Sa) Applying the equation 
| Mo=——-RT 
PV 
f Given, W = 10 g, P = 1.18 atm, V = 1 L, R = 0.0821 and 
T=273 K. 


10 -x 0.0821 273 = 189.94 
xX 


Calculate the osmotic pressure of 5% solution of cane sugar 
(sucrose) at 300 K. 


Sol. Mw = Molecular mass of sucrose (C,,H,,0,,) = 342 
W=5 g, V=300 mL=0.3 L 
R = 0.082, T= 300 K 


W 
Applyi ti V= — RT 
pplying the equation 7 Wy 


n= x- x0.082x300 
03 


342 


= 1.198 atm 


A solution is prepared by dissolving 1.08 g of human serum 
albumin, a protein obtained from blood plasma, in 50 cm of 
aqueous solution. The solution has an osmotic pressure of 5.85 
mm Hg at 298 K. 

a. What is the molar mass of albumin? | 

b. What is the height of water column placed in solution? 


£ -3 
duo) =] gcm 


a. The molar mass of albumin can be calculated using the 
following relation 


Wa x RT 
Mw. = I= DR E 
a mV © 
Given, W,, = 1.08 g; R = 0.0821 L atm K~! mol”! 
T=298 K, n= T aini V= >) 905. 
760 1000 


Substituting these values in Eq. (i), we get 
_ 1.08 x 0.0821 x 298 


Mw, = ————————_ = 68655 g mol * 
WB (5.85/ 760) x 0.05 : 
b. n= hdg 
5.85 4 
a x 101325 = hx 1x 10°x9.8 [1 atm = 101325 Pa] 


<. h=7.958 x 10° m = 7.958 cm 


A 5% solution of cane sugar is isotonic with 0.877% solution 
of urea. Calculate the molecular mass of urea if the molecular 
mass of cane sugar is 342. 


) Let the molecular mass of urea be Mw,. 


: Wi 5 
Molar concentration of sugar = ———— = ————_ 
Mw, xV 342 x 0.1 
W n 0.877 


Molar concentration of urea = 


For isotonic solution, Mw,xV, Mw, x0.1 


Wi _ OW, 
Mw), Mw,V, 

5 _ 0.877 
342 x 0.1 Mw, x 0.1 
Mw, = 0.877 x 342 

5 
= 59.987 


200 cm? of an aqueous solution of a protein contains 1.26 g of 
the protein. The osmotic pressure of such a solution at 300 K 
is found to be 2.57 x 10° bar. Calculate the molar mass of the 
protein. 


The given values are 
n = 2.57 x 10° bar 
V = 200 cm? = 0.2 L 
T= 300K 
R = 0.083 L bar mol! K`! 
Using the formula, 


= 1.268 x 0.083 L bar mol TK” x 300K 
2.57 x10 bar x 0.2 L 
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P 


= 61022 g mol! 


. -l 
Thus, the molecular weight of solute is 61022 g mol”. 


tre in its solution has 
motic pressure of the 
what would be its 


At 300 K, 36 g of glucose present per li 
an osmotic pressure of 4.98 bar. If the os 
solution is 1.52 bar at the same temperature, 


concentration? 


“Sol. The given values are 
T=300K 
W cotute = 36 £ 
n, = 4.98 bar 
mt, = 1.52 bar 
F isto =1L 
According to Van’t Hoff equation, 
nm = CRT 
c,= 25M, G=? 
180 
4.98 bar = -Č RT i) 
180 
1.52 bar = C,RT ...(ii), 
Dividing Eq. (ii) by Eq. (i), 
Se g0 = 152 
36 4.98 
= n x 2° = 9.061M 
4.98 180 


Thus, the concentration of second solution is 0.061 M. 


The osmotic pressure of blood is 8.21 atm at 310 K. How much 
glucose should be used per L for an intravenous injection that 
is isotopic with blood? 


Sol The given values are 
T blood) = 8.2] atm; V=1 L; T=310K 
ne 8.21 atm 
Now, nV = nRT 
nV 


orn = — 
RT 


821x10 _10 

0.0821%300 3] 
“. Weight of glucose =n x Molecular weight 
10 


a — 18 = J 
3] x180 = 58.06 g 


A solution was prepared by dissolving 6.0 g an organic 
compound in 100 g of water. Calculate the faes 
pressure of this solution at 298 K, when the boilin i 
of the Solution is 100.2°C. (K, for water = 0.52 k nt 
R = 0.082 L atm K~’ mol’) Jak 


(blood and glucose are isotonic) 


n 


> 


“Sol. The given values are 
W ture = 6-0 B: Meotvent = 100 8, K, = 0.52 K pyi 
AT, = 100.2 — 100 = 0.2 
Now using the formula 
_ Ky x Wootute X 1000 
ais AT,  Weotvent 
0.52 x 6.0 x 1000 
~~ 0.2% 100 


156 g mol | 
nRT W sotute 


Now, t= ——; "= 
? V’ Mw, 


Mw 


olute 


_ 6.0 x 0.082 x 298 
156x0.1 


= 9.398 atm 
Thus, the osmotic pressure of the solution is 9.398 am 


Pa tae ei ee 
A solution obtained by mixing 100 mL of 20% solution ot: 
(molar mass = 60) and 100 mL of 1.6% solution of cane uz 
(molar mass = 342) at 300 K. (R = 0.083 L bar K“ mi 
Calculate 


a. Osmotic pressure of urea solution 
b. Osmotic pressure of cane sugar solution 


c. Total osmotic pressure of solution 


Sol, ) The given values are 
W ea = 2-0 g; V= 200 mL, T= 293 K 
cane sugar = 1.2 8; MW rea = 60, MW cane sugar ii 
R = 0.083 L bar K`' mol! 
Now using Van’t Hoff equation, 
n = CRT or ue 
Mw V 
a. Osmotic pressure of urea 
= 2.0 x 0.083 x 300 
60 x 0.2 


b. Osmotic pressure of cane sugar 


= 4.15bar 


342x02 = 0.43 bar 


u" 
_ “he thes 
c€. The total osmotic pressure of solution will be eW 
the osmotic pressure produced by urea 29 
respectively. 
' "Tiotal = Mirea j Teeane sugar 


= 4.15 + 0.43 = 4.58 bar 


4 


e osmotic pressure of a solution containing 5 g of substance 
nass = 100) in 308 mL of solution was found to be 4.0 


rl 
Oe 300 K. Calculate the value of solution constant (R). 
a 


The given values are 
W,=58 Mw, = 100 g mol! 
| r= 4.0 atm; T= 300 K; V = 308 mL 
Using formula, 


in 
_ ___ 1000 = 0.0821 L-atm mol! degree”! 
§ 

— x300 


100 


The osmotic pressure ofa solution was found to be 8 atm when 
$ mol ofa non-volatile solute was dissolved in V L of solution 
at 300 K. Calculate the volume of solution (R = 0.0821 L-atm 


K` mol) 
BD The given values are 
` z=8 atm; T=300 K; ng =8 
A R=0.0821 L-atm mol! 
Now, using formula 
y= nRT _ 8x0.0821x300 _ 546.3 L 
T 8 
Asolution ofan organic compound is prepared by dissolving 30 
gin 100 g water. Calculate the molecular mass of compound and 
the osmotic pressure of solution at 300 K, when the elevation in 
boiling point is 0.52 and K, for water is 0.52 K m`”. 
So The given values are 
W,,= 30 g; W, = 100 g; T= 300K 
AT, = 0.52; K, = 0.52 K m` 
Now, using formula 
Mw, = K; x 1000 x Wp 
W, x AT, 
_ 0.52 x 1000 x 30 -300g 
100 x 0.52 
For osmotic pressure, 
_ nRT W, RxT _ 30 _ 0.082 x 300 
t= tin a x —— = ——— X — 
V Mw, OV 300 100/1000 
| ø = 2,46 atm 


A S7 
| What will be the osmotic pressure of 0.1 M monobasic acid its 
pH 1s 2 at 25°C? 


HA == HÊ + A® 
[H®] = Ca = 102M 


Solutions 2.49 


-2 
„a= $100.1 
0.1 
<. Total particles in solution = 1 +a =1+0.1=1.1 
Now, n= CR7(1 +a) 


=().1 x 0.0821 x 298 x 1.1 


= 2.69 atm 


100 mL of 1.0 g sample of a drug having compound C,,H,,0,N 
as drug is coated with sugar lactose (mol. wt. 342) exerts 
the osmotic pressure of 0.70 atm at 27°C. What is the drug 
percentage in sample? 


Sol.) Let a, b g are the amount of drug (Mw = 369) and sugar 
(Mw = 342), respectively 


a+b=1.0...(i) 
“ny =n tn) RT 
0.70x 2% = Para x 0.0821 x 300 
1000 369 342 
342a + 369b = 358.66 (1i) 
By Eqs. (i) and (11) 
a=0.617g 
b = 0.383 g 
0.617 


“. % of drug = E ee 


ATAN 


At 10°C, the osmotic pressure of urea solution is 500 mm. The 
solution is diluted and the temperature is raised to 25°C, when 
the osmotic pressure is found to be 105.3 mm. Determine the 
extent of dilution. 

3 ee . 500 

» For initial solution, n = T60 atm, T=283 K 


Using nV = nRT 


500 . 
Tay OSAS (D 
After dilution, let volume becomes V, and temperature is 
raised to 25°C, i.e., 298 K. 


105.3 
t= atm 
760 
105.3 
ETTA x V, =n x RX 298 ...(i1) 
. By Eqs. (i) and (ii), we get 
Hi 283 | 105.3 
V, 298 500 
ns 
V> 5 
=> V,=5V, 


i.e., the solution was diluted to 5 times. 


i —t Ceti‘ 


Y 
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CONCEPT APPLICATION EXERCISE 2.2 


1. The vapour pressure of ethyl alcohol at 25°C is 59.2 torr. 
The vapour pressure of a solution of non-volatile solute 
urea NH,CONH, in ethyl alcohol is 5 1.3 torr. What is the 
molality of solution? 

2. 30 mL of methyl alcohol (density = 0.8 g cm”) is mixed 
with 70 mL of water (density = 1.0 g cm) at 25°C to give 
a solution of density 0.94 g cm. Find the mole fraction, 
molarity, and molality. 

3. In winter, the normal temperature in a Himalayan’s valley 
was found to be —10°C. Is a 30% by mass of aqueous 

solution of ethylene glycol (molar mass = 62) suitable for 
car radiator? (K; for water = 1.86 K m`!) 


4. The vapour pressure of a very dilute aqueous solution 
and pure water is 17 and 17.39 mm at 20°C, respectively. 
Calculate the osmotic pressure at 20°C and density of water 


vapour at 20°C. 
ANSWERS 


1. m = 3.33 


S a S OASE eECrte_rrrr— | 


2s. xa = 0.16; ya = 0.84; Molarity = 7.5; molality = 10.58 
3. -12.86 4. n = 30.66 atm; dy. = 1.673 x 10” g mol! | 


2.11 ABNORMAL MOLAR MASSES: 
ELECTROLYTIC SOLUTIONS 


Experiments on colligative properties of a solution reveals 
trustworthy results only if the following conditions are satisfied: 
a. The solution must not be too concentrated 
If the solution is concentrated, the particle begins to interact 
with each other as much as with the solvent. This obviously 
means that the vapour pressure starts to depend on the nature 
of the solute, and not just on the number of solute particles. 
Hence, to get the accurate values of molar mass the solution 
should be very dilute. | 
b. The solute must not undergo dissociation or association 
in the solution 
As we know that colligative properties depend only upon 
the number of particles present in the solution irrespective 
to their nature, if the solute particle undergoes dissociation 
or association, the number of particles in solution changes 
and as a result of this the colligative properties also change. 
This result of discrepancy in the determination of molar 
mass of solute is called abnormal molar mass. 


Let us discuss abnormal molar masses due to association 
or dissociation of solute particles. These two changes are being 
discussed below: 
a. Association of solute particles 
In a solvent of low dielectric constant or being non-polar, 
the solute molecules undergo association, i.e., two, three, or 
more molecules exist in combination with each other to form 


bigger molecules. For example, molecules of Ss 


(acetic acid) dimerize in benzene due to hydrogen bo, . i 
as shown below. ty 


4 eg 
O—-H--0% ` 


Ethanoic acid dimer 


CH3;— 


Therefore, the total number of molecules in solut, 
becomes less than the number of molecules of the Subst, 
added and therefore, colligative properties will be line 
Since the colligative properties are inversely Proportion 
to the molar mass of the solute, the molar masses will, 
greater than the theoretical values. Then, AT, or AD i 
ethanoic acid will be half of the normal value. The Mole 
mass calculated on the basis of this AT, or AT, will, therefoy 
be twice the expected value. 
b. Dissociation of solute molecules 
Let us suppose a solute gets dissociated or ionize in a solver 
to give two or more particles. For example, a solute 4} 
dissociates to give cation and anion as: 


AB == AFD 

Consequently, the total number of particles becomes twi 
in the solution and hence the colligative properties of su: 
particles will be large and as the result of this the molar mas 
will be half the theoretical value. 

For example, if we dissolve one mole of NaCl (58.5 g) 1 
water, we expect one mole of each of K® and CIP ions ® 
be released in the solution. If this happens, there would® 
two moles of particles in the solution. Consequently, the 
colligative properties would also be about double than 
expected. If we ignore interionic attraction, 1 mol of Ne 
in 1 kg of water would be expected to increase the boil 
point by 2 x 0.52 K (K, = 0.52 K nr’) = 1.04 K. Obvio 
the molar mass of the salt must be about half of its nor 
value, i.e., 37.5 g. 


2.12 VAN’/T HOFF FACTOR | 
dissocial™ 


When molecules in a solution undergo association and je 
the colligative property for such solution is different from a of 
solution. This change in the property was explained by van t pi 
In 1880, Van’t Hoff introduced a factor i, known as the ‘se M 
factor, to account for the extent of dissociation oF associ®” 
This factor i is defined as 


Normal (calculated) molecular mass 
Abnomal (observed) molecular mass 


me MW calculated) Mv, 
————_ or —* 
M Wiobserved) M Wo 
or 
Total number of moles of particles after 
dissocation/assication 
Number of moles of particles before 
dissociation/association 


1 = 


2 


e of association, observed molar mass being more 
|, the factor i has value less than 1. But in case 


“Jn cas 


p the norma t Hoff fi i 
W. ciation, the Van’t Hoff factor is more than 1 because the 


- Jicg0C1 

„ved molar mass 
abst incase of solute which does not undergo any association or 
ciation in a solvent, the Van't Hoff factor i will be equal to 1 
ane the observed and normal molar masses will be same. 

ss since the molar masses are inversely proportional to the 
saative property, the Van’t Hoff factor may also be expressed as: 


| 9 has a lesser value. 


coll 
Observed value of colligative property 


i= — Calculated colligative property 


l oe (AP obs 
a. er 
f calculated (AP Jeatoatined 


c 


= (AT, Jobs Z (AT; Jats 
(AT, b calculated (A T; esicuistnd 


_ Actual number of particles in solution 
g Number of particles taken 
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Here, the calculated colligative properties are obtained 
by assuming that the non-volatile solute is neither associated or 
dissociated. 


For example, the value of i for aqueous KCI solution is close 
to 2, while the value for ethanoic acid in benzene is nearly 0.5. 

Table 2.5 depicts values of the factor i for several strong 
electrolytes. For KCI, NaCl, and MgSO,, Van’t Hoff factor (i) 
approaches the value 2 as the solution becomes very dilute. As 
expected, the value of i gets close to 3 for K,SO,. Table 2.6 
illustrates the Van’t Hoff factor (i) for different solutes. 


Table 2.5 Values of Van’t Hoff factor (i) at various concentrations 
for NaCl, KCI, MgSO, and K,SO, 


E Values of i ifor complete | 
Salt 0.1m | 0.01 m Loerie | dissociation | 
NaCl 1.87 1.94 | 1.97 2.00 
KCl 185 | 194 1.98 2.00 
MgSO,|! 1.21 } 1.53 1.82 2.00 
K,SO, 292 | 2.70 2.84 3.00 


Table 2.6 Van’t Hoff factor (i) for different solutes 


ee : 
| | } | 
5. | Solute type | Example lonization or | Number of | Van’t Hoff Abnormal 
No. association _ particles | factor, i molecular 
in the | mass 
| solution — 
| from 1 | 
| | | os solute | 
l. Non-electrolyte | Urea, sucrose, glucose | = | l | l MW romal 
2. Binary electrolyte | NaCl, KCl | AB == A? +B° 2 l+a MWrormal 
l1- a a 
3. | Temary | CaCl,,BaCl, AB, ——= A” +2B° “7 7 Dise 
| | 1-a = | +2a 
ectnyte | H,S04, KPC] 
(AB, type | | A,B == aA” + p” 3 l + 2a ME ia 
| | j-i w l+2a 
| or A,B type) | 
4. Quaternary AICI, K,[Fe(CN)s] AB, =— A” +3B° 4 l + 3a MWyonmal 
| electrolyte l-a m ag | 1+3a 
(AB; or FeCl,, K,PO, A,B == 3A° + BY 4 I+ 3d MW pormal 
A;B type) l-a AS 1+3a 
| Mw 
| l nomal _ 
| > Association Benzoic acid na m= An — f-(1-4)o| E 
of solute forming dimer in a S n n 1-1-1) a 
benzene n 
6. General electrolyte | One mole of solute giving | AB,_,; ==> n [1 +(n-1)a] MW iomal 
AB, _ nions in the solution l-a [1 + (n—-1) a] 
Ant- + (n -1)B® 
a (n-l)a 


| 


_. example, let consider 50% ionization of K [Fec | | 
K,[Fe(CN),] — 4K® + [Fe(CN), + Ny 
0 0 


Initial moles l 
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Inclusion of Van't Hoff factor modifies the equation for colligative 
properties as follows: 


Relative lowering of the vapour pressure of solvent, 


oP _, n : 
Re-R ai toriy 
R° m 


Elevation of boiling point, AT, = iK m 
Depression in freezing point, AT;= 7 Kgn 
Osmotic pressure of solution, 7 = iCRT 


2.12.1 CALCULATION OF THE EXTENT OF 
DISSOCIATION OR ASSOCIATION IN AN 


ELECTROLYTIC SOLUTION 


The Van’t Hoff factor may be used to calculate the extent of 
dissociation or association in terms of the degree of dissociation 
or association of a substance in a solution. 


Degree of Dissociation 


It is defined as the fraction of total substance that undergoes 
dissociation into ions. 
Number of moles of the 


. a substance dissociated 
Degree of dissociation = -F es 
Total number of moles 


of the substance taken 
Suppose a molecule of an electrolyte gives n ions after 
dissociation and a is the degree of dissociation, then at equiliburium 
Number of moles of solute left undissociated = 1 - a 
Number of moles of ions formed = na 
Total number of moles of particles = 1 -a + na 
- Van’t Hoff factor, 
j= Observed number of moles of solute 
Normal number of moles of solute 
Total number of moles at equilibrium 
Initial number of moles 


] - a. + na. 


Or a= 


Ne 4 -7 > r A P 
But j- Normal (calculated) molar mass _ MW catculated) 


Observed ar mass 
molar mass MW observed) 


or = ——É 


Thus, knowi 
aria ing the value of observed molar mass and n, the degree 
ssociation, a. can be calculated 


Alternative method f 
, or the f 
in dissociation calculation of Van’t Hoff factor 


Let a is the degree of dissociation. 


i= i 
(number of ions after association x @) + (1 — a) 


: Mw, _ Mw. _ 
ee enei it zal” l 
Mw, a z 


Final moles 1-a 4a à 

Total number of moles of equilibrium = 1 - a + 4g 4 , 
=] +4a 

= Total number of moles at equilibrium _ 144 


l s 


Initial moles | 
~14+4x0.5=14+2=3 
Alternate method 
i = [Number of ions after ionization * a] + (1 — a) 
=(5 x 0.5)+ CU — 0.5) 
=2.5+0.5=3 


Degree of Association 


It is defined as the fraction of total number of molecules which 
combine to form associated molecules. 
Number of moles of the 


o. substance associated 
Degree of association = -——— -Froles 
Total number of moles 


of the substance taken 


Suppose n molecules of the solute associate to form te 
associated molecule An and a is degree of association, then 

nA = An 

The concentration of species at equilibrium are: 

Number of moles of solute left unassociated = 1 - & 

Number of moles of solute after association = an 

Total number of moles after association = ]-a+æn 


Observed number of 
moles of solute 
Normal number of 
moles of solute 
Initial number of moles 


Van’t Hoff factor (i) = or 


_ ako a CL 
l 
i=]+a(l/n-— 1) 
i] 


or Q = ———— 
(I/n) —1 
Also. j= Normal (calculate) molar mass _ Mw 
SO, | = — Ám =—_ 
Observed molar mass Mw, 
| i a Z Mw. 
n Mw, 
ör I- Mw, wt 
Mw n 


ge ee 
Mw n-l 
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n, the number of simple molecules which combine 


r knowing 
i g associated molecules, and observed molar mass, the degree 
t ee ation (a) can be calculated. 
ernativ method for the calculation of Van’t Hoff factor 
A in association 
eco nsidet 60% association of CH,COOH in benzene. 
e 
i 2(CH,COOH) — (CH,COOH), 
Initial moles l 0 
Final moles l-a : 
Total number of moles of equilibrium = 1 — a + ; 
_;_a 
wd, 
2 
__ Total moles at equilibrium — 2 
ái Intial moles i 
0.6 pan 60% association 
or jale Tn ' : i.e., a =0.6 


Alternate method 
Let a is the degree of association. 
i= (Number of ions after association x a) + (1 — a) 


: É . 06 | +(1-0.6) 


=0.3+0.4=0.7 
Since i < 1, hence it represents association. 


An M/10 solution of potassium ferrocyanide is 46% dissociated 
at 300 K. What will be its osmotic pressure? 


xRxT 


. W 
‘Sol Normal osmotic pressure = 
MwxV 


(When no dissociation has taken place) 


W 
— =0.1, V= 1 L, R = 0.821, T=300K 
Mw 


Normal osmotic pressure = a x 0.0821 x 300 


= 2.463 atm 
Potassium ferrocyanide is an electrolyte. It dissociates as 
K,[Fe(CN),] == 4K® + [Fe(CN),]* 
(I~ a) 40. a 
Total number of particles = 1-a +4a+a=1+ 4a 
a = 0.46; so 1 + 4a = 1 + 4 x 0.46 = 2.84 
Observed osomotic pressure _ 2.84 


Normal osomotic pressure ] 
Observed osmotic pressure = 2.84 x 2.463 = 6.995 


LA aqueous solution of KCI was found to freeze at —0,24°C. 
alculate the Van’t Hoff factor and degree of dissociation of the 
Solute at this concentration. (K; for water = 1.86 K kg mol”) 


w, x 1000 


WD Ar = x y x 2221000 
Mw, x W, 
0.24 =x 1.86 x 222 jf =1.92 
74.5 x 99.5 
KC] == K®+CI° (ais the degree of ionization) 
(1-a) a a 
Total number of particles = 1-a +a+ta= lo 
i=l+oa 
1.92=1+a 


So, a = 1.92 — 1 = 0.92 
i.e., 92% dissociated. 


Two grams of benzoic acid (C,H,COOH) dissolved in 25.0 g of 


benzene shows a depression in freezing point equal to 1.62 K. 


Substituting these values in equation 
AT, =i x Kx m 

W, x 1000 

Mw, x W, 


=i K,* 


2.0 g x 1000 


1.62 K=ix 4.9K kg! mol! x —__]—__ 
122 g mol x 25.0g 


i = 0.504 
Benzoic acid exists as dimer, therefore 


2(C,H,COOH) == (C,H;COOH), 


Initial 1 0 

Final l-a a/2 

Total number of moles at equilibrium = 1 — a + (a/2) 
= 1-(a/2) 


._ Number of moles at equilibrium 
Number of moles initially 
ie 2 
9304 = ter) 
a = 0.992 


Therefore, degree of association of benzoic acid in benzene 
is 99.2%. 


0.6 mL of acetic acid (CH,COOH) having density 1.06 g mL~! 
is dissolved in | L of water. The depression in freezing point 
observed for this strength of acid was 0.0205°C. Calculate the 
Van’t Hoff factor and dissociation constant of the acid. (K, for 
H,O = 1.86 K kg! mol!) l 


ISo Mw, (CHCOOH) = 60 g mol", 


W, (CH,COOH) =Vxd 
= 0.6 x 1.06 
= 0.636 g 
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Molality (m) of acetic acid, 


i = 1000 

_ Wx 1000 LL of H,O a 
Mwy x W, Since dy,o = lg mL 
_ 0.636 x 1000 _ 9 9106 mol kg 

60 x 1000 
Substituting the values in the equation 
AT, = iK, x m | 
0.0205 K=i x 1.86 K kg! mol! x 0.0106 mol kg 

i= 1.041 


Acetic acid is a weak electrolyte and dissociates in water. 


Let x is the degree of dissociation of acetic acid. Thus, 


CHCOOH => H®+CH,COO® 
Initial emol 0 0 
Final c(l -x) cx CN 


Total number of moles at equilibrium 
=(1-x)tat+cx=c(l +x) 
__ Number of moles at equilibrium = c(1+ x) 
' 1 Number of moles initially C 
1.041 = 1 +x >x = 0.041 
_ (CH;COO®][H®] _ exxex 
a [CHCOOH] c(l-x) 
_ 0.0106m x 0.041 x 0.041 
~ (1.00 — 0.041) 


= 1.86 x 10° 


The freezing point depression of 0.001 m K,[Fe(CN),] is 7.10 x 
10° K. Determine the value of x. Given, K,= 1.86 K kg mol! 
for water. 


AT, =i Ky Xm 


7.10 x 10° =i x 1.86 x 0.001 


i=3.817 
_i-l 

© n-1 

_ 3817-1 
~ (x+1)-1] 
x=2.817 z3 


~. Molecular formula of the compound is K,[Fe(CN),]. 


A solution of non-volatile solute in water freezes at —0,80°C 
© vapour pressure of pure water at 298K is 23.5] i 


and K. for water i 
f r 1s 1.86 degree per molal. Calculate 
Pressure of this solution at 298 K. alculate th 


“Sol. Depression in freezin 
Now, AT, = K, x m 
At 


f 


mm Hg 
e vapour 


g point, AT, = 0 - (-0.30) = 0.30 


or m= 


0.80 
= —— = 0,430 
m 1.86 
According to Raoult’s law, 
o P Np 
se = XB = ’ 
i ny +g 
p° me P ng f } 
Of Boo (for dilute Solty 
1000 _. | 
Here, ng = 0.430, n; = Fa P? =23.5] | 


23.51-P _ 043x18 
73.51 1000 207% 
p=23.51 — (23.51 x 0.00774) = 23.32 mm Hg 


A 1.17% solution of NaCl is isotonic with 7.2% solution y 
glucose. Calculate the Van’t Hoff factor of NaCl. 


) For isotonic solution, osmotic pressure should be same 


“+ Tenact) ~ glucose) 


iC RT = C,RT 

iC, =C, 

(PE) _ 7.2/180 _ ,_ 7.2%585 _, 
V V 1.17 x 180 


water so that the freezing point, depressed by 2 K. For wie 
K,= 1.86 K kg mol". 


} NaCl is a strong electrolyte. It is completely dissocia 
in solution. 


Degree of dissociation, a = 1 


NaCl ==> Na? + CIP 
(n=2) 
Number of particles after dissociation = 1 + (7 - 1) 
=1+(2-)*! 
=2 


AT heo Number of particles when there is 2° 
dissociation 
2 


—— =? 


ATiheo 
or AT 


theo 


l 
Let W g of NaCl be dissolved in 100 g of water. 


1000 x K. xW. 
So ATheo= Fa 
1 wi 


or W, = ATs x Wi x Mm _ 1x 100 x 58.5 3.1458 
1000x K,  1000x1.86 


TION 
ATION 


| T solution of NaCl having degree of dissociation of 


0,002 yc has osmotic pressure equal to 
W gvar b.9Abar €.0.094 bard. 9.4 x 10-4 bar 
a. 0. 
iso i-l 
GO gal 
i-l 
2-1 


Alternate method to calculate (i) 
į = (Number of ions x a) + (1-a) 
=(2 x 0.9) + (1 - 0.9) [a = 90% or 0.9] 
=1.8+0.1=1.9 
n=iCRT 
= 1.9 x 0.002 x 0.082 x 300 


~ 0.094 bar 


Osmotic pressure of 0.1 M aqueous solution of MgCl, at 300K 
is 4.92 atm. What will be the percentage ionization of the salt? 


a. 49% b. 59% c. 79% d. 69% 
a, n =iCRT 
492 =i x 0.1 x 0.0821 x 300 
i = 1.99 
ee i-l _1.99-1 _ 9.99 _ 6 49 


n-1 3-1 2 
Percentage of ionization = 49% 


The Van’t Hoff factor of Hg,Cl, in its aqueous solution will be 
(Hg,CL, is 80% ionized in the solution) 


a. 1.6 b. 2.6 c. 3.6 d. 4.6 


ISB b. Hg ci, —= Hg? + 2C1° 
n=3 
E E E Sie 
n-l1 3-1 


Alternate method to calculate (i) 

i= (Number of ions x a) + (1 — a) 
=(3 x 0.8)+(1-0.8) [a = 80% or 0.8] 
=2.4+0.2=2.6 


a ertain substance A tetramerizes in water to the extent of 
fr TA solution of 2.5 g of A in 100 g of water lowers the 
“Faze point by 0.3°C. The molar mass of A is (K; for water 
= 1.86 Km), 


a. 124 b. 32 c. 50 d. 62 


Bo 
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Given that 4A —> A, 
Alternate method to calculate (i) 
i = (Number of ions x a) + (1 — a) 


= (4 x 08) +(1-0.8) [a = 80% or 0.8] 


=0.2+0.2=0.4 
AT = iK, xm 

Wp x 1000 
Mwg x Wa 
2.5 x 1000 
Mw, x100 


0.3 = 0.4 x 1.86 x 


0.3 = 0.4 x 1.86 x 


=> Mi~ 62 


When cells of skeletal vacuoles of a frog were placed in a series 
of NaCl solutions of different concentration solution at 25°C, 
it was observed microscopically that they remained unchanged 
in 0.7% solution, shrank in a more concentrated and swelled in 
more dilute solutions. Water freezes from the 0.7% salt solutions 
at —0.406°C. What is the osmotic pressure of the cell cytoplasm 


at 25°C. (K,= 1.86 K kg mol`’) 
(Sols T.-K, ix Cn | 


W (in g) 
0.406 = 1.86x (1+ a) x ui Peau 
58.5 99.3 


0.4x 58.5 x 100 
1.86 x 0.7 x 1000 
Assuming dilute solution 


100 g H,O = 100 mL H,O = 0.1 L solutions 


. M W: 1 
n = ixx RT =(1+a)x—* x—x RT 
V er T 
_ 0.406% 585x100 0.7 1 


Saoer See OL Anes 


lta 


= 5.34 atm 


A saturated solution of Mg(OH), has a vapour pressure of 
759.5 mm at 373 K. Calculate the solubility and K_ of Mg(OH). 
(Assume molarity equals molality) j i 


ol) P, =759.5 mm 
P'ho =760 mm at 373 K 


2.56 Physical Chemistry 


AP _ 05 _ ix, 

pr 760 £ 

a igg = 6.5% 10403) 

X, = 2.16 * 104 

Find molality = molarity 

i. 
(l—xp)x My 


= 0.012 mol kg ' 


m 


Mg(OH), == Mg?* + 20H® 


ij=3 
S=0.012 mol L`! 
- -Ağ 
K = 45S 
= 4 (0.012) 
=6.8 x 10° 


The freezing point of an aqueous solution of KCN containing 
0.1892 mol kg! was found to be —0.704°C. On adding 
0.095 mol of Hg(CN),. the freezing point of the solution was 
found to be —0.530°C. If the complex formation takes place 


according to the following equation: 


Hg(CN), +nKCN => K,[Hg(CN),,0] 
What is the formula of the complex? [K, (H,O) is 1.86 K kg 
mol] 
MSRP) For KCN, i= 1+ a, where a = degree of dissociation 
AT, = K,* i x molarity 
0.704 = 1.86 x i x 0.1892 


„070 _ 
1.86 x0.1892 
or l-+a=2 


< a =I indicates 100% ionization of KCN. 
Now, AT, = (of the complex) = 0.530°C 
Molality of Hg(CN), = 0.095 mol kg! = 0.095 m 


K [Hg(CN),..) = nk® + [Hg(CN),,.}-” 


j 0 0 
(anitially moles 
l-wa na u ' 


(moles after dissociation) 

Here, i= (]-au)+ natsa- 1+4 na 

d=] 
l=ltn 
AT, = K, z iz molality 
= 0.503 = 1.86 x į ~ 0.095 
=> íz3 
l+n=30rn=2 


Hence, the complex is K,[Hg(CN),]. 


enyl methanol lowers the freezin 
j 


Iphuric acid twice as much as one A ' 
Ole 


One mole of triph 
1000 g of 100% su 
methanol. Why? 


SNR McOH + H,50, 
Ph,C-OH + H,SO, == Ph,COH,® + HSO, 


Ph COH,” === Ph,C® + H,O 


H,O + H,SO, == H,O® + HSO,” 


\e (if 


<= McOH,” + HSO (two; 
lOni) 


Oe ee ee 
Ph,COH + 2H,SO, == Ph,C? + H,0° + 2H30, 
(four le 


ay 
Since the number of ions are doubled in Ph,COH ang. 
depression is two times more for the same number of mab 


of each. 


A 0.025 m solution of monobasic acids has a freezing pow 
of -0.060°C. What are K, and pK, of the acid? (K,= 1.36°¢ 
B AT,=iKpm; 0.060 =i x 1.86 x 0.25 
<. i= 1.29 


HA = H® + AS 


l 0 0 
(1-a) a a 
.f=l-ata=It+a 
n a2=0.29 


_ Ca? _ 0.025 x (0.29) 


=3x10° => pk, =25 


* l-a (1 — 0.29) 


A 0.2 molal solution of KCI freezes at —0.68°C. If A; © = 
is 1.86, the degree of dissociation of KCI is 


a. 85% b. 83% c. 65% d. 90% 
‘Sol. b. AT=ix K; xm 
0.68 =i x 1.86 0.2 
i= 1.83 
o i-l 183-1 
oe = 0.83 


n=l 2-1 


lonization = 83%% 


A mixture of 0.1 n eN” 
' 10l ans ç , diss 
ol ot Na O and 0.1 mol of BaO is O! y 


in 1000 g of aia na 
e ie 8 of H,O. Calculate the vapour pressure of solu 


may Na,O and BaO both are ionic compounds an 
ompletely ionized to give 3 and 2 ions, respective 
(1) Na,O —> 2Na® + O2 (i = 3) 
(11) BaO ——+ Ba2* + 02- (i= 2) 
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ao 


— 1000 


yote: Moles of HO: De 


o -P . . 
fe IXNaz,O + IX BaO 
o 


p, (% 0.1 

H-3 014555 PEENE ica 

760 0.1+0.1+ 55.5 0.1+0.1+ 55.5 
p= 753.21 mm Hg 
"4S 
alternatively 
Total number of ions = 5 x 0.1 = 0.5 

0.5 

p-F _ 2 ~~ =0.009 
-p m 555 
160 = Fs -0.009 


F 
solve for P, = 753.21 mm Hg. 


1575.2 g of C,H,OH (phenol) is dissolved in 960 g of a solvent 
ofK,= 14K kg mol '. If the depression in freezing point is 7 K, 
then find the percentage of phenol that dimerizes. 


GED 2C,H,0H == (CHOH), 
]-a a/2 


108 


i= gee => a=0.8 


2 Kym 


Following are equimolal aqueous solutions: 
b. 1 m KCl 


d. 1 m Na,PO, 


a. | murea 
c. 1 m MgCl, 
Arrange them in increasing 
i. Boiling point ii. Freezing point 


iii. Osmotic pressure iv. Vapour pressure 


BD While analysing the colligative properties, if the density 
ofthe solution is not given, take the molarity of the solution 
same as molality and vice-versa. 


In such type of questions, always assume 100% dissociation . 


for the ionic solutes until and unless specified 


Mg?* + 2C1° 
3Na® + PO,” 


i. Boiling point of solution 
AT = i( Kym) 
Thus, greater the value of i, greater the value of AT, and 


boiling point of solution. 
a<b<c<d 


ii. Freezing point of solution 
T= Ip- (AT;) 
AT, = i(Kgn) 
Thus, greater the value of i, greater the value of AT, but 
smaller the value of freezing point. 
d<c<b<a 
iii. Osmotic pressure (7) 
n = iCRT 
Thus, greater the value of i, larger the value of osmotic 
pressure. 
a<b<c<d 


iv. Vapour pressure of solution 


Mp. 1B 


— =f, or —-+ =! 


Pa? Pa? 
Thus, greater the value of i, greater the value of AP. 
Hence, smaller the value of vapour pressure of solution. 

d<c<b<a 


To 250 mL of water, x g of acetic acid is added. If 11.5% of acetic 
acid is dissociated, the depression in freezing point comes out 
0.416. What will be the value of x if K, (water) = 1.86 Kkg mol! 
and density of water is 0.997 g mL. 


i-l 
a= 
n-1l 
So, i=1.115 
AL-ixm x Ke 
ari x W, x 1000 x Ky 
Mw, x W, 
0.416= ppsx Le = xe 
60 x 249.25 : 
0.416 x 60x 249.25 _ 


y= 8g 


~ 7115x1000 x 1.86 


A 250-mL water solution containing 8.19 g of sodium chloride 
at 300 K is separated from pure water by means of a semi- 
permeable membrane. The pressure that must be applied above 
this solution in order to just prevent osmosis is (R = 0.0821 L 
atm mol! K~!) 


a. 13.80 atm b. 27.58 atm 
c. 23.34 atm d. 9.80 atm 
GARD bon =i x CxRXT [for NaCl, i= 2] 
8.19 1000 
= x —— x 0.0821 x 300 = 27.58 atm 


2x— 
58.5 250 


Calculate the osmotic pressure of a solution containing 0.02 mol 
of NaCl and 0.03 mol of glucose in 500 mL at 27°C. 


yt ontx=1+2x 
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: = . Z xC 

(Sol. ° Ceffective NaCl os 2) á Cnacl + iinoa 1) Glucose 
0.03 ) 


= sa a 
500/1000 500/1000 


=0.14M 
=> n= CRT 0.14 x 0.082 x 300 atm = 3.44 atm 


When dissolved in benzene, a compound C,gH30 partially 
dissociates by the following equation: 


C3 cH 39 <== 2C oH); 25-6 8 of CzgHy9 18 dissolved in 400 g 
of benzene, the freezing point is lowered by 0. 680°C. What 


percentage of C3.H39 molecules have dissociated? (K; = 4-9) 


BED AT, = iKyr 
ATs = 068 10538 


:— n = 

! Wa 25.6 
486 x 1000 
400 


Consider C3.H39 = 2C, 9H; 
1-x 2x 


Total moles = 1 —~x+2x=1+x 
_ Total moles 1+ 
Initial moles 1 


s 1.0538 = ~~ 5. x=0.0538 


— Percentage dissociation = 5.38% 


Find the Van’t Hoff factor of 
a. CH,COOH in H,O 
b. CH,COOH in benzene 


a. CH,COOH in water dissociates (as a weak acid) 


CH,COOH =— == CH, COO®+H® > i>l 
b. CH,COOH in benzene (i.e., non-polar solvent) associates 
to ae A dimer. 


j | 
CH,—C—OH:-O=C—CH, => i<! 


A 0.1 M solution of potassium sulphate K,SO, is dissolved to 
the extent of 80%. What would be its osmotic pressure at 27°C? 
"Sob? Use the result: x = iCRT 
Calculation of i: 
K,SO, == 2K? + so,- 
1 0 0 
l-x 2x x 


Sol. | Calculation of Van t Hoff factor: 


Total moles = l1- 


0.1 x 0.0821 x 300) = 6.40 atm 


n=2.6>( 


queous solutions of X, Y, and Z d 
ly. Which of the following statemen 
t6) 


Van’t Hoff factors of a 
1.8, and 3.5, respective 
is(are) correct? 

S a <2 


b.FP:Z<X<Y 
c. Osmotic pressure: X=Y=Z 
d. VP: Y<X<Z 
GG.) Observed colligative property = í * Normal colligat, 


l ‘property 

a. Elevation in BP follows the order: Y < X < Z 
— BP following the order: Y< X<Z 

b. Depression in FP follows the order: 

y<k<ZG,;- TF — AT) 

— FP following the order: LEXY 


c. Osmotic pressure follows the order: Y< X<Z 


d. Relative lowering in the VP follows: 
Y<X<Z 
VP follows the order: Z < x<Y 


Acetic acid associates in benzene to form a dimer. 1.65 gú 


acetic acid when dissolved in 100 g of benzene raised the boil: 
point by 0.36°C. Calculate the Van’t Hoff factor and degree“ 
association of acetic acid. 

(K, for benzene = 2.57Ca 


First calculate the molecular mass from elevation in boil 


point. 


W. 
Mw, = KG B 
AAt 


= 2351 sa06 ` 1000 -117.8 


«1000 


100 x 0.36 
Le Normal molecular weight _ _60_ 9,509 
Observed molecular weight 117.8 
Calculation of degree of association: 


Let x = degree of association 
2CH,COOH == (CH,COOH): 
0 
x/2 


1 
l-x 
Total moles = 1 — x/2 
_ Total moles _1-x/2 
Initial moles 1 


]ļ-x/2 


= —— => 


m essure of benzene at 30°C is 164.88 mm of Hg. 


our pr 
qhe vaP f benzene, when 6 g of acetic acid was dissolved, 


olo . 
s u pressure of the solution became 162.04 mm of Hg. 
e 


Calculate 
p Van't Hoff factor 


b. The degree of association of acetic acid in benzene at 30°C 


x= 0.982 


(so Using the relation for lowering in vapour pressure and 
nsidering the Van’t Hoff factor (i), we have 


co 
Py 

(164.88 - 162.04) __(_0.1 
= 164.88 0.143 


= j = 0.533 (ie., i < 1) 
Hence, acetic acid associates. in benzene 
2(CH,COOH) == (CH,COOH), 
l-a a/2 


> i=1-a/2 
> g=2(1 — 0.533) = 0.932 


The freezing point of a solution containing 0.3 g of acetic acid in 
43 gof benzene reduces by 0.3°. Calculate the Van’t Hoff factor. 


(K, for benzene = 5.12 K kg mol!) 


‘Sol. The given values are 
W,, = 0.3 g; AT, = 0.30 
W, =43 g; AK,= 5.12 K kg mol! 
Now, using formula 

_ Kyx Wp x 1000 


Mw, = 
AT, xW; 
n Mig = 5.12x0.3x1000 _ 120 g mot! 
0.3 x 43 


Normal molar mass = 60 
;— Normal molar mass__ 60 _9 5 


Observed molar mass 120 


The freezing point of a 0.08 molal solution of NaHSO, is 
~0.372°C. Calculate the dissociation constant for the reaction. 


HSO,° == H® + SO, 
K; for water = 1.86 K m`! 
‘Sol, NaHSO 4 dissociates as: 


NaHSO, —> Na®+HSO,° 
Since the concentration of NaHSO,, is 0.08 m 


[Na®] = 0.08 m; [HSO,°] = 0.08 m 
Now, HSO,/° also dissociates as 
[HSO,°) == H® + s0; 

If a is the degree of dissociation, then after dissociation at 
equilibrium | 

[HSO,°] ==> 0.08(1 - x) 


[H®] = 0.080; [SO,7] = 0.080 
Total concentration of all ions (i.e., Na®, H®, HSO,°, and 
$07) 

= 0.08 + 0.08(1 — a) + 0.08a + 0.080. 

= 0.16+ 0.08a 
+ Van't Hoff factor, i= Observed moles of solute 

Normal moles of solute 

0.16 + 0.080 
© 0.08 


=2+a 


Now, AT,= iK,* m 
= į x 1.86 x 0.088 = 0.14887 
or 0.372 = 0.1488i 
_ 0372 . 
"0.1488 
Thus, 2+ a= 2.5 ora = 0.5 


Dissociation constant for the reaction 1s 
_ {H® SO," ] 
[HSO,°] 


2.5 


[H®] = 0.08 x 0.5 = 0.04 
[HSO,°] = 0.08 x (1 — 0.5) = 0.04 
[SO,2-] = 0.08 x 0.5 = 0.04 


E (0.04) x (0.04) -4x10 
(0.04) 


Which of the following is (are) correct statements? 
i. 0.1 M CaCl, has higher boiling point than 0.1 M NaCl. 
ii. 0.05 M AL(SO,), has higher freezing point than 0.1 M 
K,[Fe(CN)g]. 
iii. 0.1 M glucose exerts higher osmotic pressure than 
0.08 M CH,COOH (25% dissociated). 


iv. Vapour pressure of 0.05 M urea solution is greater than that 
of 0.05 M KCI solution. 


The correct choice is 
a. i, iii b. ii, iv c. 1, ij, iii d. i, ii, iv 
d. T, is higher if im is higher. T; is higher if im is lower. 
n is higher if im is higher. VP is higher if im is lower. 
CaCl,: im = 3 x 0.1; AL,(SO,),: im = 5 x 0.05; 
Glucose: im = 1 x 0.1; NaCl: im =2 x 0.1; 
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Y 
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K,[Fe(CN),]: im = 4 x 0.1; (d, e, f) ; 
CH,COOH: im = (1 + a)m = 1.25 x 0.08 = 0.1 P, As, and Sb exist as P,, As,, and Sb, Molecul, 
Urea: im = 1 x 0.05; KCI: im = 2 x 0.05 = 0.1 association takes place. Sy 


4P = P, 4As = As, 4Sb = Sb, 


MLLUSTRATION 2.211 — i 


i= — 
Under what conditions Van’t Hoff factor (i) is 4 


eee g. B exists as B,, molecule (icosahedron g 
(a) equal to unity, (b) less than 1, and (c) greater than 1. Explain 12 comers, and 20 faces), association tie i 
your answer. 


(Sa SON ad 
a. When the solute does not undergo any dissociation or i= — 


12 
iation i ion, i -electrolyte solutes. . 
association in the solution, i.e., for non-electrolyt h. AICI, exists as ance in non-polar soly 


association takes place. 
c. When the solute undergoes dissociation in the solution. 2AICl, = AL,Cl, 


MLUSTRATION 2.212 — = 
L= 


2 
The freezing point of 0.20 M solution of week acid HA is : — ; 4 
272.5 K. The molality of the solution is 0.263 mol kg™!. Find 5 oa to give Hg, (mercury), 
the pH of the solution on adding 0.25 M sodium acetate solution. me a k 
=å + © P 
K, of water = 1.86 K mr! Beer. FAC OE!) 
j- HgCl, (corrosive sublimate) is a covalent compouni 


te, 
Ae 


b. When the solute undergoes association in the solution. Ent, y 


EEB 47, = (273 - 272.5) =0.5K l and does not ionize. So i = 1. 
AT, = iK,m Hg, CL, is poisonous and antidote is white ofan ex 
<- i= AT, / Km = 0.5/1.86 x 0.263 = 1.022 (k, I) Be,C and Al,C, in H,O gives CH, gas, soi 
HA = He +4 A® contains C* methinide ion. 
0 0 Be,C + 4H,O = 2Be(OH), + CH, 
oe a a AL,C, + 12H,O = 4Al(OH), + CH, 
1 = + a 7 . a - z 
009-16 60000 Hence, Be,C and A1,C, ionizes in solution» 
follows: 
K, = Ca? =0.2 x (0.022)? = 9.6 x 105 ee 
=> pK, = 4.0177 eee St ee) 
On adding 0.25 M NaA, buffer is formed ALC, = 4AB* + 3C* (i= 7) | 
z. [Salt] = 0.25 M, [Acid] = 0.2 M m. CaC, gives (CH=CH) gas with H,O. So it con 
pH = pK, + log [Salt/Acid] = 4.0177 + log(0.25/0.2) (CO==C® or C,” ion) 
= 4.0177 + 0.0969 = 4.1146 CaC, + 2H,O = Ca(OH), + CH=CH 
So CaC, ionizes in solution as follows: 
PLLUSTRATION 2.213 CaC, = Ca? +C G=2) 
Calculate the Van’t Hoff factor (i) for the following if: n. Mg,C, gives (CH,—C==CH) gas with H,0. 


i. 100% ionization or association takes place 


i 0% ioniza So, it contains CH,C==C® or cr ions) 
ii. 50% ionization or association takes place 


| 
Mg,C, + 4H,0 = 2Mg(OH), + cH, 


a. S b. Se c. Te d. P i ot 

e. As f. Sb g. B h. AICI, Mg,C, ionizes j solution as follows: 

i. Hg,Cl, j.HgCI, k. Be,C LAL, MgC, = 2Mg* + C,* (i =3) 

m. CaC, n. Mg.C, li. (a, b, c) 

Sol, | For 50% association (a) = 50% or 0.5. 

i. (a,b, c) 7 ss = $ 
S, Se, and Te exist as S., Se, and T, oe i e 
association takes place. 8 XB» e molecules. So Final moles l-a a/8 | 

PE a | 

8S = Spy 8Se — Seg, 8Te = Te, Total moles at equilibrium = 1- a + = | 


1 = 


8 | 
5 į = Total moles | 
8 Initial moles 


a 

[ere 

a 

g-8a+a 

Tg o 

g8- 7a 8-7x0.5_4.5 
8 


—_— 
= 


= 0.5625 


Alternate method 
j= (Number of ions x a) + (1 — a) 


S 
us +0.5 
8 


© 


-({x0s}+a-091- 


O 


Initial moles l 0 
Final moles l-a a/4 


as 
PODPRE 


] 
_4-4a+4 
D 
_ 4-30 _ 4-3x0.5_2.5 
Aa 4 4 
Alternate method 
i = (Number of ions x a) + (1 - a) 


- (1x05) +a -0.5) 


= 0.625 


0.5 25 


= —+05=—=0.625 
4 4 
g. 12B => By 
Initial moles 1 0 
Final moles l-a a/12 
Har 
j= 12 
] 
_ 12-120 +a. 
12 
- 12-1lø _ 12-11%05 _65_ 9 54 
12 12 12 
Alternate method 
i= (Number of ions * a) + (J — @) 
| 
=| —x0. —0. 
[px05)+a 0.5) 
_ 0.5 6.5 
= — +0.5=— = 
1D 5 T 0.54 
h. 2AICl, s= ALCL 
Initial moles | 0 
Final moles l-a a/2 


Solutions 


Alternate method 
= (Number of ions x a) + (1 - a) 


~. 


II 


[5x05}+0 —(),5) 


ue 4 0.5 a TS 
2 2 


i. Hg,Cl, ==> 


Initial moles | 0 0 


Final moles l-a a. 2a. 


_ l-a+a+2a 


i =]+2a=1+2x0.5=2 


Alternate method 
i = (Number of ions x a) + (1 — a) 
= (3 x 0.5) + (1 — 0.5) 


=1.5+0.5=2 
j. Since i= 1, it does not ionize. 
k. BeC == 2Be* + Cr 
l 0 0 
l-a 2a a 


. l-a+2a+a 

[= —— 

Alternate method 

i = (Number of ions x a) + (1 — a) 
= (3 x 0.5) + (1 — 0.5) 


=]+2a=1x2x0.5=2 


=].5+0.5=2 
L ALC, == 4A + 304 
l 0 0 
l-a 4a 3a 


_ l-at+4a+3a 
S l 
Alternate method 
i = (Number of ions x a) + (1-a) 
=(7 x 0.5) + (1 - 0.5) 
=35+0.5=4 
m. CaC, =m Ca} + Q> 
| i 0 0 
loa q Q 
l-a7@76 
| 
Alternate method 


i = (Number of tons x a) + (1 — a) 
(2 x 0.5) + (1 — 0.5) 
=1.0+0.5 = 1.5 
mn Mg,C, == 2Mg** + C+ 
l 0 0 


l-a 2a i 


Hg2* + 2C1° 


=1+6a=1+6x0.5=4 
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po LOH 204% 14 20=14+2%05=2 


Alternate method 

i = (Number of ions x a) + (1 — a) 
= (3 x 0.5) + (1 — 0.5) 
=1.5+0.5=2 


CONCEPT APPLICATION EXERCISE 2.3 


1. A certain solution of 1 molal benzoic acid in benzene has 
a freezing point of 3.1°C and a normal boiling point of 
82.6°C. The freezing point of benzene is 5.5°C and its 
boiling point is 80.1°C. K, of benzene = 5.12 K/m and 
K, = 2.53 K/m. Analyse the state of the solute (benzoic 
acid) at two temperatures and comment. 

2. Asolution is prepared by dissolving 1.5 g of a monoacidic 
base into 1.5 kg of water at 300 K which showed a 

| depression in freezing point by 0.165°C. When 0.496 g 

| of the same base is titrated, after dissolution, requires 40 

mL of semimolar H,SO, solution. If Ky of water is 1.86 K 

| kg mol"!, then select correct statement(s) out of the 

| following (assuming molarity = molality): 
a. The pH of the solution of weak base is 12.9. 

| b. Ionization constant of the base is 8 x 107. 

c. The osmotic pressure of the aqueous solution of base 
is 21.67 atm. 

d. The base is 10% ionized in aqueous solution. 


3. Tritium T? (an isotope of H) combines with fluorine to form 
weak acid TF, which gets ionized to give T®. A freshly 
prepared aqueous solution of TF has pT (equivalent of 
pH) of 1.5 and freezes at -0.372°C. If 600 mL of freshly 
prepared solution were allowed to start for 24.8 years, 
calculate the ionization constant of TF. (Given K, for H,O 
= 1.86) 

4. A dilute solution contains m mol of solute A in | kg 
of a solvent with molal elevation constant K, the 
solute dimerizes in solution as 2A = A,. Show 
that equilibrium constant for this dimer formation is 
K- K, (Kym — AT, ) 

(2AT, - Kym}? 
point for the given. 


where AT, is the elevation in boiling 


ANSWERS 
1. Benzoic acid neither associate or dissociate at high temp. 
2. (a, b, c, d) 3. k= 7.299 x 10-3 


Pos 
[| 
i 


 Henry’s Law, Raoult’s Law, Ideal and Non 


4. Factual 


lll 


-Ideal Solutions 


Solved Examples 


Calculate the mole faction of solute in a 
from which ice begins to se 
= 1.86 K or) 


dilute aqueous solution 
parate out at -0.46°C. (K; of H,O 
2 


The vapour pressure of water at 293 K is 17.5] mm. 


AT, _9-(—0.46) _0.46 


K; 1.86 Lag 


AT,=K,x m=> m= 
Use the relation, 
oM x1000 


n, x Mw, 


_ 0.247x18 
1000 
= 0.004 


lowering of vapour pressure of sugar is 0.0614mm, Calcul 


a. The relative lowering of vapour pressure 
b. The vapour pressure of the solution 
c. The mole fraction of water 
Ì Here we are given that 
Vapour pressure of water (P°) = 17.51 mm 
Lowering of vapour pressure (P° — P.) = 0.0614 mm 
a. Relative lowering of vapour pressure 

P°- P, _ 0.0614 

Pe 17.51 

b. Vapour pressure of the solution 


= 0.00351 


P= P-P -P)=1T751-0.0014= 17.4486 mm 


c. To calculate the mole fraction of water 
a Pf 
Pe 


Ny 


By Raoult’s law 


n +n, 
= X, mole fraction of solute 


P°-P 
1.€., X2 = P <= 0.00351 


o 


.. Mole fraction of solvent (water), 
Xı = 1- X% = 1 — 0.00351 = 0.99649 


SE “alatil 
The vapour pressure of a 5% aqueous solution of a non’ of | 


organic substance at 373 K is 745 mm. Calculate the molec 


mass of the solute. 


ANN . . ft 
Sol. | 5% aqueous solution of the solute implies that 58° 


solute are present in 100 g of the solution, i.€-» 
Weight of solute (W,)=Sg 

Weight of solution = 100 g 

`- Weight of solvent (W,) = 100-5 =95 g 


i 


yet 


. . > € p 
Further as the solution is aqueous, it means that j wat 


is water and we know that vapour pressure of PU" 
373 K = 760 mm ww 
Vapour pressure of the solution at 373 K (P) ~ ee 


} 


Molecular mass of solvent (water), Mw, = 18 


Molecular mass of solute, Mw, = To be calculated 
Using the formula for dilute solutions, viz 
pe n W/Mw 


760-745 _ 5/ Mw, 7 5x18 
95/18 95 x Mw, 


5x18x760 _ 4g 
or Mw, = 15x95 


We Bet — 760 


A298 K, the vapour pressure of water is 23.75 mm 
Calculate the vapour pressure at the same temperature over 5% 
aqueous solution of urea. [CO (NH,),]. 


(So. Applying Raoult’s law 
P-P _m _W,/ Mw, _ W x Mw, 
| P on W/Mw MwxW, 
| 
| Substituting the values, we get 
| 
| BF . 2. . 10 
23.75 60 95 
23.75- P_= ae Le 23.75 
5 60 95 
of 23./5=P n 0n => P= 235.375 mm 


Sea nA AnS Sih Say Bart 
sakes 


ee Rig ae SW 


Liquids A and B form an ideal mixture, in whi 
fraction of A is 0.25. At temperature T, a small quantity 
of the vapour in equilibrium with the liquid is collected 
and condensed. This process is repeated for a second time 
with the first condensate. The second condensate now 
contains 0.645 mole fraction of A. Calculate the ratio 
(P,°/P,°). What will be the mole fraction of B in the third 


condensate? 

| 

TSB Mole fraction of A (y,,) = 0.25 

| Mole fraction of B (xp) = 0.75 
| After first condensation 
4 Partial pressure of A (=P oy, Pa * 0.25 
M Partial pressure of B (Pp) = Px? x 0.75 

. Pa _ Pr? 0.25 


m Pa R° 0.75 
f” After second condensation 


Mole fraction of A (xa) = 0.645 
Mole fraction of B (Xp) = 1 — 0.645 = 0.355 
Ratio of partial pressures 


d na 0.25 _ 0.645 
Pa” AR) 075 0.345 


, eal 0.645 0.75 
aJa] 9.645 | 
Py 0.355 0.25 


te 
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: E, A 
Re 
After third condensation 


mr (e) 3 
Pa | A Ne 9:25 _ 4.042 
py” VBP) 07 0.75 


<. Mole fraction of B 


|: anes ats = ().191 = Mole fraction of B 
pa” + pp” 5.42 


= 2.33 


A certain solution of 1 m benzoic acid in benzene has a freezing 
point of 3.1°C and a normal boiling point of 82.6°C. The freezing 
point of benzene is 5.5°C and its boiling point is 80.1°C. Analyze 
the state of the solute (benzoic acid) at two temperatures and 
comment. 
Sol.) Case I 
Calculate Van’t Hoff factor in two cases: 

_ AT, _ (5.5-3.1) 

5.12x1 


= 0.469 
K; xm 


P< I, 
So benzoic acid associates in benzene at low temperature 
since i % 0.5, so it forms dimer. 


Case II 
_ Al; _ (82.6 - 80.1) -0.99 
K; xm 2.53x1 


i<landizl. 
So benzoic acid neither associates nor dissociates at high 
temperature. 


Note: If i > 1, then solute dissociates. 


In a study of aqueous solution of thorium nitrate, the freezing 
point depression of 0.0703 °C is observed for a 9.6 mmol kg`? of 


the solution. How many ions are present in one thorium nitrate 
unit? (K, for H,O = 1.86 K m?) 


Total number of ions in solution 
E ee 


Sol. ) Van’t Hoff factor (i) = ATC 
me Number of ions initially 
l AT; 0.0703 
Ce a eee 
Kexm 1.86x9.6x107 
=3.9 s 4. 


i = 4 or total number ions/unit 


Two liquids A and B form an idea solution. What will be i 
vapour pressure at 27°C of a solution having 1.5 mol of A 


and 4.5 mol of B? The vapour pressure of A and B at 27°C is 
0.116 atm and 0.140 atm, respectively. 


nyg=\15n,=4.5 
y.-—15__15_1 
~ 15445 60 4 
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M1474 
l — 


P = 0.029 + 0.105 = 0.134 


Azeotropic Mixture, Solubility of partially Miscible liquids, 


Colligative Properties 


H,,0, i is isotonic with 3% solution 


A 4% solution of sucrose C,, 
he molecular mass 


ofan unknown organic substance. Calculate t 
of the unknown substance. 
Sol. Since the two solutions are isotonic, they must have same 
concentrations in moles/litre. 
For sucrose solution, we have concentration 
= 4 g/100 cm? (given) 


(Molecular mass of sucrose C,,H,,9;; = 342) 
For unknown substance, suppose m is the molecular mass, 
then concentration = 3 g/100 cm? (given) 


30 <j 
= -1= — mol L 
WEE Mw 


Thus, we have E a 
Mw 342 
_ 30 x 342 _ 456 5 
40 


Calculate the osmotic pressure of a solution obtained by mixing 
100 cm? of 1.5% solution of urea (mol. mass = 60) and 100 cm? 
of 3.42% solution by cane sugar (mol. mass = 342) at 20°C. 
(R = 0.082 litre atm/deg/mole) 


Sel After mixing total volume of the solution 
= 100 + 100 = 200 cm? 
Osmotic pressure due to the urea in the solution. 
1.5 g of urea which was present originally in 100 cm? is 
now present in 200 cm’, i.e., in the final solution. 
W,x1000 —__1.5x1000 
Mw, x vol. of sol. 60x 200. 
_ 3.42x1000 _ 
sugar 342 x 200 


Mw = MW rea = = 0.125 


Mw, = Mw 0.05 


m= (Mw, + Mw,)RT 
= (0.125 + 0.05) x 0.082 x 293 = 4.2 atm 


A solution containing 6 g of a solute dissolved in 250 cm? of 
water gave an osmotic pressure of 4.5 atm at 27°C. Calculate 
the boiling point of the solution. The molal elevation constant 
for water is 0.52°C per 1000 g. 


‘Sol. Van’t Hoff equation for osmotic pressure is 
tV = nRT 


A solution containing 25.6 g of sulphur, dissolved in 1000 g P 


Eaa AREENA, S 


A mixture which contains 0.550 g camphor and 0.090 gat 


4§x0.25="* 0.0821 x 300 


or n= 43025 _ = 0.0457 mol 
0.0821 x 300 


i.e., 0.0457 mol of the solute is present in 250 mL ofy, 


-250 g of water. ie 
ol 8 iaai 0.0457 i 
Molality of the soluu 750 00 
= 0.1828 


AT, = Kym = 0.52 x 0.1828 = 0.095°C 


+. Boiling point of solution 
(T.) = Ty + AT, = 100 + 0.095 = 100.095°C 


naphthalene whose melting point is 80.1°C gave a freezing poin 
lowering of 0.680°C. Calculate the formula of sulphur (Kfor 


naphthalene = 6.8 K m’) 


Gol) AT, = iK,m 
meee 25.6 x 1000 
0.68 =1 x O. 32 x 1000 
i= 1/8 


Since i is less than 1, therefore, Sis associated, i.e., 8 mole 
of S are associated as shown below 


B — Ss, 


Therefore, the molecular formula of sulphur is Ss. 


an organic solute melts at 161°C. The solute contains 93.75" 


C and 6.25% H by weight. What is the molecular formula af 
compound? K, for camphor is 37.5°C mol kg. The melting 
point of camphor is 209°C. 


D Given, 

AT = 209 — 161 = 48°C 

W, = 0.09 g (organic solute) 
W, = 0.55 g (camphor) 

K,= 37.5°C mol! kg 

_ 1000 x Ky x W, 


AT 
? Mw, x W, 
ag — 1000 37.5 x 0.09 
Mw, x 0.55 
<. Mw, = 127.84 
E a ee. ai 
% | (%/Atomic weight) | Value/Lowest 
value o vawe 
6.25 _ 6,25 
i 
6.25 1 
6.25 


* C:H:: 1,25:1 or 5:4 l) 


ae 


| 


Solutions 2.65 


pmpirical formula is C,H; and empirical formula weight 


2 64 127.84 
7 Molecular formula is (C,H,),, and n = Ea x2 


. Molecular formula of solute is (CH4), = C ioHg 


a solution containing 0.1 mol of naphthalene and 0.9 mol of 
azene iş cooled out until some benzene freezes out. The 
Sit is then decanted off from the solid and warmed upto 
* K where its vapour pressure was found to be 670 mm. The 
seeziNg point and boiling point of benzene are 278.5 K and 
383 K respectively, and its enthalpy of fusion is 10.67 kJ mol. 
calculate the temperature to which the solution was cooled 
originally and the amount of benzene that must have frozen out. 
Assume ideal behaviour. 


Given, mole of napthalene (7,) = 0.1 
Mole of benzene (7) = 0.9 
Vapour pressure of benzene (P°) = 760 mm 
Boiling temperature of benzene = 353 K 
Vapour pressure of solution = 670 mm 
Freezing point of benzene = 278.5 K 
Enthalpy of fusion (A, H) = 10.67 kJ mol 


Using Raoult’s law: 
F, Mw, x W; 


W, = Weight of naphthalene 
| Mw, = Molecular weight of naphthalene 
| Mw, = Molecular weight of benzene 


|W, = Weight of benzene 


760-670 0. 
oe A : | Mole of naphthalene = is 0.1 
670 W, Mw 


“. W, = 58.06 g 
Weight of benzene in original solution (Wp) 


= Mole x Molecular weight 


= 0.9 x 78 = 70.2 g 
Amount of benzene frozen out = 70.2 — 58.06 = 12.14 g 
RT?m 


AE E 
8.314 x (278.5) 1000 x 0.1 


7 3” 58.06 
1000 x 10:97 % 10° 


wine =8.11K 
US, Original solution must have been cooled to 
= 278.5 — 8.11 = 270.39 K 


Aldo mi 
& mixture of glucose and urea present in 250 mL solution 


Shows : 
or the Osmotic pressure of 7.4 atm at 27°C. Calculate % 
Position of mixture. 


Let the mixture contains a g glucose and b g urea. 
a+b=10 (l) 
From nV = nRT 
Also, 74x2. = E + A x 0.0821 x 300 
1000 180 60 
3a + b = 13.52 .. (il) 
Solving Eqs. (i) and (ii), we get 
a=1.76g 
b=8.24g 
1.76 
% of glucose = T x100=17.6 


% of urea = H, 100 = 82.4 


A tube ofuniform cross-sectional area 1 cm? is closed at one end 
with semi-permeable membrane. A solution of 5 g glucose per 
100 mL is placed inside the tube and is dipped in pure water at 
27°C. When equilibrium is established, calculate: 

a. The osmotic pressure of solution. 

b. The height developed in vertical column. 
Assume the density of final glucose solution 1 g mL! 


Given that W=5 g, V= ——L 
1000 


T = 300 K, Mw = 180 (Mw of glucose = 180) 
_ 5 x 1000 x 0.0821 x 300 
180 x 100 


= 6.842 atm 


b. n = hdg 
Given d = 1 gem? = 10° kg m`° 
n = 6.842 = 6.842 x 1.01 x 105 N m? 
g=9.81 ms? 
~. 6.841 x 1.01 x 105 = h x 10° x9.81 
p — 6841x101 x10" 


aixi = 70.43 m 


The freezing point of a 3% (by weight) aqueous solution of A is 
equal to the freezing point of 9% (by weight) aqueous solution 
of B. If the molecular weight of A is 60, then the molecular 
weight of B will be 


a, 191 b. 90 c. 45 d. 20 
Sol. 
a. Freezing point of aqueous solution of A 
= Freezing point of water — AT, of solution A 
Freezing point of aqueous solution of B 
= Freezing point of water — AT ç Of solution B 
As freezing point of aqueous solution of A 
= Freezing point of aqueous solution B 


2.66 Physical Chemistry a = a 
ka AT; of solution A = AT; of solution B 


Kyn = Kyn' 
Mw, x 1000 
3/60 1000 = 2 Wp 
97 91 
<. Mw, = 191 


2.5 g ofa substance is present in 200 mL of solution male me 
osmotic pressure of 60 cm Hg at 15°C. Calculate the molecu $ 
weight of substance. What will be the osmotic pressure 1 
temperature is raised to 25°C? 


200 
So Given that, W, =2.5g, V=—— L 


0 
t= atm, T=288 K 


Fi 


o nV = m RT 
Mw, 


60 200 _ 2.5 
76 1000 Mw, 


x 0.0821 x 288 => Mw, = 374.38 


7, 
Also, = ==! 
T Ty 


Calculate osmotic pressure of a solution obtained by mixing 
100 mL of 3.4% solution (weight/volume) of urea (molecular 
weight 60) and 100 mL of 1.6% solution (weight/volume) of 
cane sugar (molecular weight 342) at 20°C. 


“Sol. Vi = er for urea 
Mw, 


1 


W. 
nV, = — RT., for sugar 
2"2 Mw, 2 8 
Since 100 mL ofurea solution is mixed with 100 mL of cane 
sugar solution, and thus, the total volume becomes 200 mL 
in which 3.4 g urea and 1.6 g sugar is present. 


x 200 = 34 0821x293 = 6.82 atm 
1000 60 
200 1.6 
T x —— = —x0.821x 293 =0. 
x i000 ari x 29 0.56 atm 


“+ Tega = 1, + T, = 6.82 + 0.56 = 7.38 atm 


Which has maximum osmotic pressure at temperature T? 
a. 100 mL of 1 M urea solution 
b. 300 mL of 1 M glucose solution 
c. Mixture of 100 mL of | 
1M glucose solution 
d. All are isotonic 


Sol, d. All are isotonic 


Osmotic pressure 
solution, i.e., 1 = 


M urea solution and 300 mL of 


(x) depends upon the concen 


tration of 
C effective RT 


D 


Y 


$< 
i = m ee 


— 


For (a), C effective = 1M (since it is NON-electry | 
solution) l o. Mig 
For (b), Cefrective = | M (since it is a NOn-electro | 
solution) i | 


_f_ 100, 300 | 
For (c), C effective g 100 + 300 100 +309 * | 


Siy 


TRIER 
ae U 


SO Si give red colour with Fe** ions in aqueous soluti one 
Fe*'(aq) + 3CNS°(aq) —> Fe(CNS), (aq) 
red 
If 0.1 M KCNS solution is separated from 0.1 MF eCl, Soltti 


by means of a semi-permeable membrane, red colour will apper 


on: 
a. FeCl, solution b. KCNS solution side 
c. Both sides d. Neither side 
ol. | d. Fe**(aq) + 3CNS°(aq) —> Fe(CNS),(aq) 
i Red 


= Only solvent molecule moves from dilute solution; 
concentrated solution. 


0.1 M KCNS 0.1 M FeCl, 
C effective =0.2 M Ceffective = 0.2M 
(Dilute) (Concentrated) 


At 
The solution is diluted and the temperature is raised to 57C 


when the osmotic pressure is found to be 165 torr. The exe 
of dilution is 


a. 2 times 


b. 3 times c. 4 times d. 5 times 
c. Given 
T,= 17°C = 290 K; T, = 57°C = 330K 
T; = 580 torr = = mm Hg 
760 
T= 165 torr = n mm Hg 
760 
Using equation 
™ = CRT 
= =C. x Rx 290 a 
760 ` 
165 Ai 
760 Cp x R x 330 


Dividing Eq. (i) by Eq. (ii), we get 
C 2 


1 


— = 


Cr 


4 ilution = 4 ti 
1/2 => Dilution = 4 times 


$ 5 | 
see NS í 4 


Among the following, the solution which shows t | 
Osmotic pressure is 
a. 0.10 M NaCl 


b. 0.05 M CaCl, 
c. 0.04 M K,[Fe(CN),] 


d. 0.03 M FeCl, 


N 


Y 


Solutions 2.67 


Anat 


a * -0.1x2=0.2M 
a. C effective 0 


i Ca 05x3=0.15M 
abie 04x4=0.16 M 
kCn 0.03 x 4=0.12 M 
K [Fe(CN)e] = 3K? + [Fe(CN) e] 


ee is lowest for (d). 


0.1M solution of glucose (molecular weight 180 mol!) 
k. 0.1 M solution of urea (molecular weight = 60 g mol’) 


ve paced on the two sides of a semi-permeable membrane to 

equal heights. In this context, which of the following statements 

is correct? 

a Glucose will flow across the membrane into the urea 
solution. 

b. Urea will flow across the membrane into the glucose 
solution. 


© Water will flow across the membrane from the urea solution 
into the glucose solution. 


d. There will be no net movement across the membrane. 


[ap 0.1 M glucose and 0.01 M urea 


Since both the solutions have same concentrations, there will 
be no net movement of water molecules across the membrane. 


5 
Enos 


If the radiator of an automobile contains 12 L of water, how 
much would the freezing point be lowered by the addition of 
5 kg of prestone (glycol C,H,(OH),). How many kg of Zeron 
(methyl alcohol) would be required to produce the same result? 


EIB Given, 
Weight of glycol (W,) = 5 kg = 5000 g 
Molecular weight of glycol (Mw,) = 62 g 


“. Weight of water = 12 kg he density z) 


Mole of glycol = m = oe 80.6 
Mw, 62 
80.6 
Molality of solution (m) = EE = 
Weight of solvent 12 
= 6.7 


Now, AT, = K,m = 1.86 x 6.7 = 12K 
`- Freezing point of solution = -12°C 


With methyl alcohol, to get the same freezing point 
depression same number of moles are required. 


* amount of methyl alcohol = Mole x Mw 
= 80.6 x 32 = 2579.2 
= 2.58 kg 


If the boiling point of an aqueous solution is 100.1°C, what is 
its freezing point? Given l= 80, / = 540 cal g`! respectively, 
of H,O. | . 


ie AT,=K,*m 
AT,=K;* m 
AT, _ K, RT? _ 10001, 
2b a Aha . 
AT; Ky 1000, RT? 
AT, _ 1 xl, 
AT, T? xl, 
1,100 + 275 $373. K 
T= 273 K 
AT, = 100.1 — 100 
=0.1°C 


0.1 _ (373)? x80 
AT, (273) x 540 


AT, = 0.36°C 


T,= —0.36°C 


The K,, (25°C) of sparingly soluble salt XY,(s) is 3.56 x 10° 
(mol L~!)? and at 30°C, the vapour pressure of its saturated 
solution in water is 31.78 mm of Hg. Calculate the enthalpy 
change of the reaction 


XY,(s) =— X?*(aq) + 2Y (aq) 


Given: Vapour pressure of pure water = 31.82 mm of Hg 


Sol. Let the solubility XY,(s) at 30°C be s mol L™. 


XY,(s) =— X?*(aq) + 2Y (aq) 
S 2S 
n 
—_-“S = Z (j= 3, if 100% ionizati 
P, N (i l o ionization) 
31.82-31.78 5) y, = 0.0004, 72 = 0.004 
31.78 2 A n, 
n, = 55.6 x 0.004 = 0.0233 
S = 0.2333 mol L~! 
K,,(at 30°C) = (0.0233)(2 x 0.0233)? 
= 5.05 x 10° (mol L-®} 
K, (at 25°C) = 3.56 x 10-°(mol L~?) 
KyQ5°C) AH = (T,-T, 
K,(25°C)  2.303R\ TT, 


oo S210 | AH 5 
3.56x10° ) — D sao) 


AH = 52.5 kJ mol"! 


Now, log 


f 


2.68 Physical Chemistry oe 
Abnormal Molar Masses, Van’t Hoff Factor 


0.5 g KCI was dissolved in 100 g water, and the solution, 
originally at 20°C froze at _0.24°C. Calculate the percentage 
ionization of salt. K, per 1000 g of water = 1.86°C. 
| Sol. Calculate the (theoretical) molecular mass of KCI 
= 39 + 35.5 = 74.5 
AT, =iK,*m 
0.24 = ix 186% x 1000 
74.5 x 100 
i= 1.92 
Now. KCI dissociates as KCI 
Initial moles ] 
Moles after dissociation l-a 
Total number of moles after dissociation 
=l]-atata=lta 


== KO + CIP 
0 0 


a a 


ie 
~~] 
ora =i-1=1.92-1=0.92 
Percentage ionization = 0.92 x 100 = 92% 


A 0.001 molal solution of a complex represented as Pt(NH,),Cl, 
in water had freezing point depression of 0.0054°C. Given K, for 
H,O = 1.86K m™. Assuming 100% ionization of the comple 
write the ionization nature and formula of complex. 


Sol Let n atoms of Cl be acting as ligand. Then formula of 
complex and its ionization is: 
[Pt(NH,),C1,JCh4_ ,) = — R J6- + (4-n)Ccl° 
1 0 
0 1 (4-n) 
Thus, particles after dissociation =4-—-n+1=5-n 
and therefore, Van’t Hoff factor (i) = 5 — n 
Now, AT, = K’, * Molality x Van’t Hoff factor 
0.0054 = 1.86 x 0.001 x (5 —n) 
n= 2.1] =2 (integer value) 
Thus, complex and its ionization is: 


[PuNH,),CLJCL, > [Pt(NH,),CL]** + 2C1° 


Phenol associates in water to double molecules. The values of 
observed and calculated molecular weight of phenol are 161.84 
and 94, respectively. The degree of association are 161.84 and 
94 respectively. The degree of association of phenol will be 


a. 60% b. 84% ©. 45% d. 80% 
= Calculated molecular weight 94 
Observed molecular weight 161.84. °° 


l-i _1-0.58 0.42 


= — 


l-n 1-05 05 


a= 


% a= 


| 
Calculate the Van’t Hoff factor when 0.1 mol NH 4Cl is diss a | 


in 1 Lof water. The degree of dissociation of NH,CI jg ó os ej 
its degree of hydrolysis is 0.1. 


[Sok Given, 


Degree of dissociation (a) = 0.8 | 
Degree of hydrolysis (4) = 0.1 
Considering, ionization of NH,Cl 


0.42 100 = 84% | | 
0.5 


NH,Cl == NA,” + CP 


Initial J 0 0 
At equilibrium C1 - a) Ca Ca 
cC — 0.8) 0.8C 0.8C 
0.2C 0.8C 0.8C 


Considering hydrolysis of NH,® ion. 
NH,2+H,O =—=NH,OH+ H 

Initial 0.8C 0 0 

At equilibrium  0.8C(1 — A) 0.8Ch 0.80 

_ Total moles at equilibrium 

-> Initial moles 


0.2C + 0.8C + 0.8C + 0.8C(1 — h) + 0.8Ch 
+ 0.08 Ch 


C 


0.5 m solution of acetic acid age a 60) i in benzene (Mw=* 
boils at 80.80°C. The normal boiling point of benzene is 80.10€ 
and A /1 = 30.775 kJ mol. Calculate the percent of associate 
of act acid in benzene. 

Sol.) Given, 

T, (boiling point of benzene) = 80. 10°C = 
A. H = 30.775 kJ mol"! 


vap 
Mw (benzene) = 78 
_ RTy Mw, _ 8.314x (353.D° x78 _ 463 
b 1000 A, ap 1000 x 30.775 x 10° 


a yee 05? 
Kym 2.65 x 0.5 
Considering association of acetic acid p 
2CH,COOH === (CH;C00": 
Initially “| 0 
At equilibrium l-a a2 
Total number of moles = 1- a + si =] “5 
= Loll number of moles: 8 
Initial moles oan 


6.532215 
2 


ea 


= 0.936 


% 0 of association = 93.6 
0 


ttery contains a solution of H,SO, 38% by weight. 
Ast orage D ° centration, the Van’t Hoff factor i is 2.50. At what 
At i jure will the battery contents freeze? (K,= 1.86° mol! kg) 
gp sven BE Wapo 100-38 =62g 


— 


Mw, x Wi 
000 x 1.86 x 38 
afi ae => AT oma = 11.633 
Moxy _ 


ae = FS 250 
Now, AT 


lle 11.633 x 2.50 = 29.08 
eeng point = 273 — 29.08 = 243.92 K 


The freezing point of solution containing 0.2 g of acetic acid 
in 20.0 g of benzene is lowered by 0.45°C. Calculate the degree 
of association of acetic acid in benzene. 


(K,= 5.12 K mol! kg") 


0.2 x 1000 
=j 0.45 = i x 5.12 x ———— 
BD 47, iK,m, ix x indo 
<. 1=0.527 
2(CH,COOH) ——— (CH,COOH), 
a 
l-a = 
; 2 
j i=l-a+ a =]— a 
2 2 


0.527 = lin => a = 0.946 


The degree of dissociation for PtCl, come is 70%, Calculate 
the Van’t Hoff factor. 


© 

Sa. PC, == Pr + 40° 
Initial moles 1 0 0 
Moles at equilibrium 1-a a 4a 


Total moles =] -a +4a +a =1+4a 


j= Total moles at equilibrium _ 1+ 4a ——— (a = 70% = 0.7) 
Initial moles Eg 
“1=14+4x0.7=38 
Alternative method 
i = Number of ions x a+(1—a) 
=5x0.7+(1-0.7) 
=3.5+03=3.8 


) 


Solutions 2.69 


The degree of dissociation for K,[Fe(CN),] is 60%. Calculate 
the Van’t Hoff factor. 


IBOD K,[Fe(CN),] —= 4K® + ~—s[Fe(CN),J* 
Initial moles l 0 0 
Moles at equilibrium 1-a 40. a 


Total moles = 1 - a + 4a +a = 1 +44 ` 


Total moles at equilibrium 1+ 4% 
SS a (a = 0.6) 
Initial moles l 
=1+4x06=34 


Alternative method 

i = (Number of ions x a) + (1 — 
= (5.x 0.6) + (1- 0.6) 
=3.0+0.4=3.4 


| degree of association is 70% for the following reaction 
2A => (A), Calculate the Van’t Hoff factor. 


Iss 2A —— (A), 
Initial moles l 0 
Moles at equilibrium l-a a/2 


Total moles = 1-a+ 7 


_ Total moles at equilibrium _ 


=l-a+— (a = 0.7) 
Initial moles 
= 1-0.7+ i 
2 
= 0.3 + 0.35 = 0.65 
Alternative method 


i = (Number of ions x a) + (1 - a) 
= (G x 07) +(1-0.7) 
= 0.35 + 0.3 = 0.65 


Which of the following solutions in H,O will show maximum 
depression in freezing point? 
a. 0.1 M K,[Hgl,] 
c. 0.3 M glucose 


b. 0.2 M Ba(NO,), 
d. 0.4 M NaCl 


Sol. d. Depression in freezing point « Number of moles 
Therefore, greater the number of moles greater will be 
depression in freezing point. 


a. For 0.1 MK,[Hgl,], i= 3 
No. of moles = 0.1 x 3 =0.3 
b. For 0.2 M Ba(NO,),, i= 3 
No. of moles = 0.2 x 3=0.6 
c. For 0.3 M glucose, i= 1, 
(Non ionisable), 
No. of moles = 0.3 x 1 = 0.3 


2.70 Physical Chemistry aici Total moles =1—-a+a+t 20=14+20 N | 
d. For 0.4 M NaCl, i = 2, pa EEO E 5=2 | 
No. of moles = 0.4 x 2 = 0.8 1 
H d) is correct options = e295 55 5 M rah) = à 
ence (d) is p i 0 (n) = ig 60 7005 


. int.) = >, 
Elevation in boiling point studies of Ca(NO,), gives molar mass X¥"3" Mw, 


as 131.2. The degree of dissociation of Ca(NO;), is ae Ny _ a 
a.100%  b.75% c. 50% d. 12.5% Xurea m+m +n 55.55-+ 0.05 +9) 49, 
0.05 
ESRD d. cano, — Ca + 2NO,° l T 55.6 + 9/ Mw, 
Initial l 0 0 9/ Mw, 
At eq l-a a 2a Xxy, = X3 = 55.64 9/ Mw, 
i=l1+2a P°-P , 
S =% +i Xa 
Calculated Mw of Ca(NO,), = 164 P° 
Observed Mw of Ca(NO,), = 131.2 330 — 328.515 _ 0.05 ee _ 9M, 
i= ——=l1+2a | szi / Mw, 
ane 0.0045 = ————— | 0.05 + — 
55.6+9/ Mw, Mw, 


z. @=0.125 = 12.5% 


Solve, Mw, = 89.6 


Phenol associates in benzene to certain extent to form a dimer. A 
solution containing 20 x 10~* kg of phenol in 1.0 kg of benzene 
has its freezing point depressed by 0.69 K. Calculate the fraction 


of phenol that has dimerized. 


(K; for benzene is 5.12 K kg mol—1). 


2C,H,OH == (C,H,OH), 
1 mole 0 
l-a a/2 
Total = 1-a+2=1-% 
2 2 


i= 1-(a/2)_,_@ 
] 


2 
W, x 1000 
AT ik. = 
f f Mw, xW, 
. -3 
0.69 = 1% 5-12 x 20x10 aidaa 
94 x 1.0 kg 
i = 0.633 


j=] = a = 0.733 = 73.3% 


3 g of urea and 9 g of another non-volatile electrolytic compound 
(XY) were dissolved in 1000 g of water. The degree of 
dissociation of XY, is 0.5. The solution has a vapour pressure 
of 328.515 mm. Find the vapour density of XY,. The vapour 


pressure of water is 330 mm. 


_ XY, > X” + 2ye 
Initial . ] 0 0 
Final l-a a 2a 


- At 48°C, the vapour pressure of pure C52 iS 


. Two liquids A and B form an ideal solution. If the mu: 


fraction of A is y% at room temperature, the vapour pressi 
of solution is 85 mm. On the other hand if the mole facte 
of B is x at room temperature, the vapour pressie © 
solution is 95 mm. If P,°/P,° = 1.25, and the prest 
over the mixture composed of 2 mol of A and 3 mol at 
at room temperature is reduced, at what pressure wil 
first trace of vapour form and what will be its composi 


. The composition of vapour over a binary ideal solua 


is determined by the composition of the liquid. iS Aa 
Y, are the mole fractions of A in the liquid and vag 
respectively find the value of X, for which Y, -^ 
has a minimum. What is the value of pressure a8 
composition? 


i , “wn abst 
. Dry air was successively passed through a solution 7 


solute in 80 g water and then through pure water. F 
in the weight of solution was 2.5 g and that of po 
lute: 


was 0.04 g. What is the molecular weight of S° 


- Two beaker A and B present in a closed vessel. BE ji 


A contains 152.4 g aqueous solution of urea, j i 
12 g of urea. Beaker B contains 196.2 g glucos® vel" 
containing 18 g of glucose. Both solutions 47° oscil 
attain the equilibrium. Determine mass % of glue 
solution at ilibrium: , 

at equilibrium: 350 wt 

vir 

solution of 2.0 g of sulphur in 100 g of CS2 B®. i 
pressure 844.9 torr. Determine the atomicity 
molecule: 
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2.72 Physical Chemistry : T | 


Exercises d 
l- a 6. Wh 


Single Correct Answer Type Ill 


Henry’s Law 


1. At same temperature, oxygen is more 
hydrogen. Which of them will have a 


(1) Oxygen 2) Hydrogen 
(3) Both have equal value (4) Can’t predict 


soluble in water than 
higher value of K,,? 


2. Henry’s law is valid only when: 
(1) Pressure is low 
(2) Temperature is low 
(3) The gas is not highly soluble 


(4) The gas neither reacts chemically with solvent nor 
dissociates or associates in the solvent. 


3. Air contins O, and N, in the ratio of 1 : 4. Calculate the 
ratio of solubilities in terms of mole fractions of N, and 
O, dissolved in water at atmospheric pressure and at room 
temperature at which Henry’s constant for O, and N, are 
3.30 x 10’ and 6.60 x 10’ torr respectively. 


(1) 1:2 (2)2:1 
(3)3:1 (4)1:3 


4. Molar solubility of helium, nitrogen and oxygen are plotted 
against partial pressure of the gas at constant temperature. 
Henry’s law constant for these gases will lie in following 


sequence? 
Solubility 
Partial Pressure —> 
(1) O, > N, > He (2) O, < N, < He 
(3) 0, =N, =He (4) 0, >N, < He 


5. According to William Henry’s the solubility of a gas in 
liquid depends on the pressure of the gas. If ‘m’ is the 
molality of the gas and ‘P’ is its pressire, then which of th 
following plot is in accordance with the law? S 


(1) log m 


log P —> log Pa 
(3) log m 
(4) log m 


log P —> 


ich of the following units is useful in relay 
concentration of ggjution with its vapour pressure) "8 


(1) Mole fraction | (2) Parts per million 
(3) Mass percentage (4) Molality 


A sample of water is contamniated with 30 ppm of arsen 
(As). The molality of As in water Is (Aw of As = 75 9 i | 
| 


(2) 4 x 10% 
(4) 4 x 10% 


(1) 2 x 107 
(3) 2 x 10° 
K., (Henry’s law constant) for CO, in water at 25°C j 
3.0 x 10-2 mol L~! atm™!. What is the concentration of C9 
in soft drink that is bottled with a partial pressure of ço 
of 5 atm. over the liquid at 25°C l 


(1)0.15 M (2) 0.015 M 
(3) 0.30 M (4) 0.03 M 


Raoult’s Law, Ideal and Non-Ideal Solution, Azeotrope 


9. 


11. 


12. 


13. 


0.2 mole of liquid A is dissolved in 4.0 mole of FLO. Tota 
pressure of solution is 0.210 bar at 37°C. The vapor 
pressure of pure liquid (vapour pressure of water at 37°C- 
0.198 bar) in bar is 


(1) 0.448 (2) 44.8 
(3) 0.224 (4) 2.24 
Two liquids A and B form an ideal solution. The vapor 


pressure of pure A and pure B are 66 mm Hg and 88 mm 

Hg, respectively. Calculate the composition of vapour Aa 

the solution which is equilibrium and whose molar volume 

is 36%. 

(1) 0.43 (2) 0.70 

(3) 0.30 (4) 0.50 

At 27°C. the vapour pressure of an ideal solution containing 

1 mole of A and 1 mole of B is 500 mm of Hg. At the sam 

temperature, if2 mol of B is added to this solution the vap™ 

pressure of solution increases by 50 mm of Hg. The vapot 

pressure of A and B in their pure states is respectively. 

(1) 600 mm, 400 mm (2) 400 mm, 600 mm 

(3) 300 mm, 700 mm (4) 200 mm, 800 mm 

Mixture of volatile components A and B has total vap?” 

pressure (in torr) : P oa = 254- 119%, 

where x, is the mole fraction of A in mixture. Hence Ps 

and Pp? are (in torr): 

(1) 254, 119 (2) 119, 254 

(3) 135, 254 (4) 154 119 

Negative deviations from Raoult’s law are exhibited n 

binary mixtures { 

(1) in which the molecules tend to attract each other A 
hence their escape into the vapour phase is retat 

(2) in which the molecules tend to repel each other ‘| 
hence their escape into the vapour phase is retar 

(3) in which the molecules tend to attract each othe 
hence their escape into the vapour phase is spe : 


-— > in which the molecules tend to repel each other and 


| jant their escape into the vapour phase is speeded up. 


fole fraction of component A in vapour phase is Xi 
p mole fraction of component A in liquid mixture is 
al , © = vapour pressure of pure A), then the total vapour 


he ie of the liquid mixture is 
res Y 


K pat (2) Pa xX 
Xi Xa 
» Pak (4) PBK 


; Xi 

At ae the vapour pressure of pure methyl alcohol is 
92.0 torr. Mol fraction of CH,OH in a solution in which 
vapour pressure of CH,OH is 23.0 torr at 25°C, is: 

(1) 0.25 (2) 0.75 

(3) 0.50 (4) 0.66 

The vapour pressure of pure benzene C,H, at 50°C is 
268 torr. How many moles of non-volatile solute per mole 
of benzene are required to prepare a solution of benzene 
having a vapour pressure of 167 torr at 50°C? 


(1) 0.377 (2) 0.605 
(3) 0.623 (4) 0.395 


_ The vapour pressure of pure liquid solvent A is 0.80 atm. 
When a non-volatile substance B is added to the solvent, 
its vapour pressure drops to 0.60 atm; the mole fraction 
of component B in the solution is 
(1) 0 (2) 025 
(3) 2.0 (4) 3.0 

. The vapour pressure of a pure liquid A is 40 mm Hg at 
310 K. The vapour pressure of this liquid in a solution with 
liquid B is 32 mm Hg. The mole fraction of A in the solution, 
if it obeys Raoult’s law, is: 

(1) 0.8 (2) 0.5 
(3) 0.2 (4) 0.4 

19. The boiling point of an azeotropic mixture of water and ethyl 

alcohol is less than that of the theoretical value of water and 

alcohol mixture. Hence the mixture shows 

(1) The solution is highly saturated. 

(2) Positive deviation from Raoult’s law. 

(3) Negative deviation from Raoult’s law. 

(4) Nothing can be said. 


— 
"ar 


— 
— | 


1 


4. Solution distilled without change in composition at a 
temperature is called 
(1) Amorphous (2) Azeotropic mixture 
3 si solution (4) Super saturated solution 
' “Zeotropic mixtures are 
(1) Constant boiling point mixture without changing the 
Composition. 


r Those which boil at different temperatures. 
(3) Mixtures of two solids. 
» (4) None of the above 


ee 10 mL of acetone with 40 mL of chloroform, the 
volume of the solution is 


Solutions 2.73 


23. 


24. 


25. 


26. 


27. 


28. 


29. 


30. 


31. 


32. 


(1) <50 mL (2) >50 mL 

(3) =50 mL (4) Cannot be predicted 
Which of the following substances will lose its solubility 
with increase in temperature? 

(1)NaOH (2)Na,CO, (3)Na,SO, (4) All 

On mixing 10 mL of carbon tetrachloride with 10 mL of 
benzene, the total volume of the solution is 

(1) >20 mL (2) <20 mL 

(3) =20 mL (4) Cannot be predicted 

If Raoult’s law is obeyed, the vapour pressure of the solvent 
in a solution is directly proportional to 

(1) The mole fraction of the solvent. 

(2) The mole fraction of the solute. 

(3) The mole fraction of the solvent and solute. 

(4) The volume of the solution. 


Each pair forms ideal solution except 
(1) C,H,Br and C,H] 
(2) C,H,Cl and C,H,Br 
(3) C,H, and CH; CH, 
(4) C,H, and C,H,OH 
An aqueous solution of methanol in water has vapour 
pressure 
(1) Equal to that of water 
(2) Equal to that of methanol 
(3) More than that of water 
(4) Less than that of water 
Which condition is not satisfied by an ideal solution? 
(1) A... =0 
(JAn O 
(3) AniS = 0 
(4) Obeyance of Raoult’s law 
A mixture of benzene and toluene forms 
(1) An ideal solution (2) Non-ideal solution 
(3) Suspension (4) Emulsion 
A pressure cooker reduces cooking time because 
(1) Heat is more evenly distributed 
(2) Boiling point of water inside the cooker is increased 
(3) The high pressure tenderizes the food 
(4) All of these 
If P° and P, are vapour pressures of solvent and its solution, 
respectively, x, and x, are mole fractions of solvent and 
solute, respectively, then 
(1) P, = P°/y, 
QP -f,=F'y, 
OF er ks 
(4) 4 = 
F Xi + X2 


Dry air was passed successively through a solution of 5 g 
of a solute in 180 g of water and then through pure water 


2.74 


33. 


34. 


tsd 
N 


36. 


37. 


38. 


39. 


40. 


41. 


— 


lution was 2.50 g and that of 
pure solvent 0.04 g. The molecular weight of the solute 1s 


(1) 31.25 (2) 3.125 (3) 312.5 (4) None 

At 40°C, the vapour pressures of pure liquids, benzene, and 
toluene, are 160 mm Hg and 60 mm Hg, respectively: a 
the same temperature, the vapour pressure of an equimolar 
solution of the two liquids, assuming the ideal solution, 


Physical Chemistry 
The loss in the weight of so 


should be 

(1) 140 mm Hg (2) 110 mm Hg 
(3) 220 mm Hg (4) 100 mm Hg 
An azeotropic mixture of HCI and water has 
(1) 84% of HCl (2) 22.2% HCI 
(3) 63% of HCI (4) 20.2% HCl 


An ideal solution was obtained by mixing methanol and 
ethanol. If the partial vapour pressure of methanol and 
ethanol are 2.619 kPa and 4.556 kPa, respectively, the 
composition of vapour (in terms of mole fraction) will be 
(1) 0.635 MeOH, 0.365 EtOH 

(2) 0.365 MeOH, 0.635 EtOH 

(3) 0.574 MeOH, 0.326 EtOH 

(4) 0.173 MeOH, 0.827 EtOH 

The vapour pressure of a solvent decreased by 10 mm of Hg 
when a non-volatile solute was added to the solvent. The 
mole fraction of solute in solution is 0.2, what would be the 
mole fraction of solvent if the decrease in vapour pressure 
is 20 mm of Hg. 

(1) 0.8 (2) 0.6 (3) 0.4 (4) 0.2 

The mole fraction of toluene in the vapour phase which is 
in equilibrium with a solution of benzene (P,,° = 120 torr) 
and toluene (P,,° = 80 torr) having 2.0 mol of each, is 

(1) 0.50 (2) 0.25 (3) 0.60 (4) 0.40 

The total vapour pressure of a mixture of 1 mol A 
(P,° =150 torr) and 2 mol B (P,° =240 torr) is 200 mm. 
In this case 


(1) There is positive deviation from Raoult’s law. 


(2) There is negative deviation from Raoult’s law. 
(3) There is no deviation from Raoult’s law. 
(4) Molecular masses of A and B are also required. 


The vapour pressure of pure benzene C,H, at 50°C is 
268 torr. How many moles of non-volatile solute per mole of 
benzene is required to prepare a solution of benzene having 
a vapour pressure of 167 torr at 50°C? 

(1) 0.377 (2) 0.605 (3) 0.623 (4) 0.395 


The most likely of the following mixtures to be an ideal 
solution is 


(1) NaCI—H,O 
(3) CoH 6()—H,0 
The mole fraction of com 


(2) C,H;,OH—C,H, 

(4) C,;H;OH—H,O 

ponent A in vapour phase is 

aula fraction of component A in liquid mixture is e 

(P? = vapour Pressure of pure A; P.,° = va f 

of pure B). Then total : eae 
otal vapour pressure of the liquid mixture is 


42. 


43. 


44. 


45. 


46. 


TL 


| 
| 


m a on K 
Pot g&u B04 Mir | 
(1) X X2 Xi 


The relative decrease in the vapour pressure ofan a Ueo | 
solution containing 2 mol [Cu(NH;),CHCI in 3 mol H s | 
0.50. On reaction with AgNO,, this solution will form J 
(2) 0.25 mol AgCI 


(4) 0.40 mol AgCI 


(1) 1 mol AgCI 
(3) 2 mol AgCI 
A mixture of volatile components A and B has total Vay 
pressure (in torr) 

P=254- 119%; 

where x, is the mole fraction of A in mixture, Heng 

Py and P,,° are (in torr) 

(1) 254, 119 (2) 119, 254 (3) 135,254 (4) 154 {19 

Based on the given diagram, which of the followin, 

statements regarding the solutions of two miscible volatil 

liquids are correct? 

1. Plots AD and BC show that Raoult’s law is obeyed forth 
solution in which B is a solvent and A is the solute ang 
as well as for that in which A is solvent and B is solute 

2. Plot CD shows that Dalton’s law of partial pressures 
observed by the binary solutions of components A and3 

3. EF + EG = EH; and AC and BD corresponds to the vapou 
pressures of the pure solvents A and B, respectively. 


Seas 


—— 
XB l 


Select the correct answer using the codes given below: 
Codes: 

(1) 1 and 2 (2) 2 and 3 

(3) 1 and 3 (4) 1, 2, and 3 

Which of the following graph represent the behavior ° 
ideal binary liquid mixture ? 


i 


(1) Plot of 1/P,,,.) against x a 1s linear 

(2) Plot of 1/P,,.., against x, is linear 

(3) Plot of Pota against x a İs linear 

(4) Plot of Pota against Xp İs linear y 
(Here x, and Xp are the mole fraction of components A 
B in vapour phase) 


l , atu 
A maxima of minima obtained in the temp “a 
composition curve of a mixture of two liquids indi 


(1) An azeotropic mixture 


N 


9) An eutectic formation 


g) That the li 


n that the li 
or minimum 


solution has | : 4 mole ratio of pentane to hexane. 
our pressure of pure hydrocarbons at 20°C are 
Hg for pentane and 120 mm Hg for hexane. The 


ES 
-A 


l The vap 


440 mm ; i 
sole fraction of pentane in vapour phase would be: 
n 


(2) 0.549 


(4) 0.200 
The lubricating action of an oil is more if it possess: 


(1) High vapour pressure 
(2) Low vapour pressure 
(3) High surface tension 


(4) High density 


4. When a plot of boiling point versus composition is plotted, 


then type of graph than can be obtained is: 


Temp. bie csv T,(B) 

Re 

ay ae i 
100%A 100%A 


(% Composition) 
For ideal solution with p? > PÈ 


Temp. vapour T (B) 
P N 
T,(A) t 


100%A 100%A 
(% Composition) 
For ideal solution with Pe < PÈ 


(2) 


T (B) 
T (A) 


(3) 


100%A 100%A 
(% Composition) 
Non-deal solution 

with positive deviation 


quids are immoscible with one another 


quids are partially miscible at the maximum 


50. 


51. 


52. 


53. 


ooo Solutions 2.75 


T,(B) 


T (A) 


(4) 
100%A 100%A 
(% Composition) 
Non-deal solution 
with negative deviation 


An ideal solution has two components A and B. If A is more 
volatile than B and also py > Py , then the correct relation 
between mole fraction of A in liquid (X) and vapour (Y) 
phase is : 

(1I)X,=Y, 
(3)X,< Y, 
The normal boiling point of water is 373 K, Vapour 
pressure of water at temperature T is 19 mm Hg. If enthalpy 


of vaporisation is 40.67 kJ/mol, then temperature T would 
be (Use : log 2 = 0.3, R : 8.3 JK"! mot’): 


(2) X,>YV, 
(4) Can’t be predicted 


(1) 250K 
(3) 230 K 


(2) 291.4K 

(4) 290 K 

Two liquids A and B have P} and P3 in the ratio of 1 : 3 
and the ratio of number of moles A and B in liquid phase 


are 1 : 3. Then mole fraction of ‘A’ in vapour phase in 
equilibrium with the solution is equal to” 


(1) 0.1 (2) 0.2 
(3) 0.5 (4) 1.0 


Which represents correct difference when non-volatile 
solute is present in an ideal solution? 


to f. Vapour 
(AS) (AS) Solution 
Solvent . 
Solution 
Solvent 


Vapour 


Solvent AS) Solution 


Solvent or Solution 


Solution 
III. B.P 
— L Solvent 
(1) 1, 1, I (2) I, M 
(3) I, IN (4)L UI 


2.76 Physical Chemistry 


54. Select correct statement? 


(1) Heat of vaporisation for a pure solvent and for a 


(3) C,H,OH + H,O solution 


(4) n-hexane and n-heptane 


ate ae ixture 1 

solution are similar because similar intermolecular 58. Total vapour pressure of m i moe of oka, 

forces between solvent molecules must be overcome 1n component A (P}=100 mm Hg) and 3 mole of Vola 
R 

both cases 


component B (Pg= 80 mmHg) is 90 mm Hg. Fo, 
case: 

(1) There is positive deviation from Raoult’s law 
(2) Boiling point has been lowered | 


(3) Force of attraction between A and B is weaker than thy 
between A and A or between B and B a 


(4) All the above statements are correct 


N w 
(2) Entropy change between solution and vapour 1s smaller 


than the entropy change between pure solvent and 
vapour 


(3) Boiling point of the solution is larger than that of the 
pure solvent 
(4) All are correct statements 


55. Boiling point composition diagram of the liquid-vapour 59, 
equilibrium for 4 and B is shown in the figure. Ifa binary 
liquid mixture of A and B is distilled fractionally, which of 
the following would be correct observation? 


Two components A and B form an ideal solution. The mok 
fraction of A and B in ideal solution are X, and Xp Whi 
that of in vapour phase, these components have their mok 
fractions as Y, and Y,. Then, the slope and intercept of py 


of fae will be: 
z vapour Ya Xa 
i LA (1 Pa, PoP (2) #8, ie 
a ee ee PS : PS 
E liquid Pg Pp A +A 
a o o o K P 
oj *B (4) P3 “Pa 
X,=1 % Composition X, = 1 Py P-P} B 


Which of the following represents correctly the changes x 
therodynamic properties during the formation of 1 moleci 
an ideal binary solution? 


? os. 
TAS. 
(1) J mol! 0 ~oo O7 
56. A liquid mixture having composition corresponding to © ™ al 
point Z in the figure shown is subjected to distillation at 


constant pressure. Which of the following statement is 
correct about the process? 


(1) Composition of the stll (residue) will approach pure of: 
liquid B only 


(2) COmposition of the distillate will approach pure A only 


(3) Composition of distillate and residue will approach 
pure A and B respectively 


(4) Neither of the component can be obtained in pure state 


A H ai 


mole fraction 


® 


Z 


B (2)J mol! 0 


B.P. i 
mole fraction 
A B 
100% Composition 100% © 
(1) The composition of distillate differs from the mixture (3) J mot! 0 
o mol 
(2) The boiling point goes on changing 
(3) The mixture has highest vapour pressure than for any © 
other composition 


(4) Composition of an azeotro 
external pressure 


® 
57. Which will form maximum boiling azeotrope? 


(1) CH. + C.H.CH, solution 
(2) HNO, + HO solution 


pe alters on changing the 


(4) J mol"! 0 


© 


mole fraction 


O 


a 


a. | 


colligati 
62. 


63. 


69, 


70, 


equal t 
4,00) 
cooled t 


3) 45.5 8 


is 40.18 torr at same temperature. If this solution is 
6=0.93°C, what mass of ice will be separeted out? 
6 kg mol) 

(2) 4.52 


(4) 47.8 g 


ve Properties and Vant Hoff Factor 


eous solution freezes at —2.55°C. What is its boiling 
point Kyga,o) ~ 0.52 K m!; KO = 1.86 K m’)? 

(1) 107.0°C (2) 100.6°C = (3) 100.1°C (4) 100.7°C 
The relative decrease in VP of an aqueous glucose dilute 
solution is found to be 0.018. Hence, the elevation in boiling 
point is (it is given 1 molal aqueous urea solution boils at 
100.54°C at 1 atm pressure) 

(1)0.018° (2) 0.18" (3) 0.54° (4) 0.03° 
10.0 g of glucose (7,), 10.0 g of urea (7,), and 10.0 g of 
sucrose (™,) are dissolved in 250.0 mL of water at 273 K 
(x = osmotic pressure of a solution). The relationship 
between the osmotic pressure of the solutions is 

(2) 1, >, > T 

(4) T, > T3 > 7, 


Anaqu 


(1) 7] > T, > T3 
(3) 1, > T > T 


_ 0.6 g of a solute is dissolved in 0.1 L of a solvent which 


develops an osmotic pressure of 1.23 atm at 27°C. The 
molecular weight of the solute is 


(1) 149.5 g mol! (2) 120.0 g mol! 
(3) 430.0 g mol! (4) None of these 


. A 5% solution of cane sugar (molecular weight = 342) is 


isotonic with a 1% solution of substance X. The molecular 
weight of X is 


(1) 342 (2) 17142 (3) 65.6 (4) 136.8 


7. What mass of urea be dissolved in 171 g of water so as to 


decrease the vapour pressure of water by 5%? 
(1)15g (2)20g (3)25g (4)30g 


- The vapour pressure at a given temperature of an ideal 


solution containing 0.2 mol of non-volatile solute and 0.8 

mol of a solvent is 60 mm of Hg. The vapour pressure of 

the pure solvent at the same temperature will be 

(1) 120 mm Hg (2) 150 mm Hg 

(3) 60 mm Hg (4) 75 mm Hg 

The vapour pressure of a solution containing 5.0 g ofa non- 

electrolyte in 100.0 g of water at a particular temperature 

Is 2985 N m2. If the vapour pressure of pure water is 

3000 N m~, the molecular weight of the solute is 

(1) 60.0 (2) 120.0 

(3) 180.0 (4) 380.0 

The molal boiling point constant for water is 0.513 Km |. 
€n0.1 mole of sugar is dissolved in 200.0 g of water, the 

Solution boils under a pressure 1.0 atm at 

(1) 100.513°C (2) 100.0513°C 


(3) 100.256°C (4) 101.025°C 


| 70 g of CH,206(89) solution has vapour pressure is 71. What should be the boiling point of 1.0 molal aqueous KCl 


o 40 torr at certain temperature. Vapour pressure of 


72. 


73. 


74. 


15: 


76. 


77. 


78. 


Solutions 2.77 


solution (assuming complete dissociation of KCI) if Kyqy,0) 
is 0.52 K m'!? 

(1) 100.52°C (2) 101.04°C 

(3) 99.48°C (4) 98.96°C 

The ratio of freezing point depression values of 0.01 M 
solutions of urea, common salt, and Na, SO, are 

(1) 1:1:1 (2) 1:2:1 (3) 1:2:3 (4) 2:2:3 
From a measurement of the freezing point depression of 
benzene, the molecular weight of acetic acid in a benzene 
solution was determined to be 100. The percentage 
association of acetic acid is 

(1) 79% (2) 93% (3) 80% (4) 100% 

An aqueous solution containing an ionic salt having 
molality equal to 0.19 freezes at —0.704°C. The Van’t Hoff 
factor of the ionic salt is (K, for water = 1.86 K m') 

(1) 3 (2) 2 (3) 4 (4) 5 

The Van’t Hoff factor for a 0.1 M AL(SO,); solution is 
4.20. The degree of dissociation is 


(1) 80% (2) 90% (3) 78% (4) 83% 
The degree of dissociation a of a weak electrolyte is 
i-l i—l 
l (2 
D F1 es 
n-li n+l 
3 2 
©) i-l 6) i—l 


where n is the number of ions given by 1 mol of electrolyte. 
Increasing amount of solid Hgl, is added to 1 L of an 
aqueous solution containing 0.1 mol KI. Which of the 
following graphs do represent the variation of freezing pomt 
of the resulting solution with the amount of Hgl, added? 


f 


(1) Tr 


0.05 0.10 


; 0.05 010 
Mol of Hgl> —> : 


Mol of Hgh —> 


| os 


0.05 O10 
Mol of Hgh —> 


0.05 
Mol of Hgly —> 


0.10 


Equimolal solutions of KCI and compound X in water show 
depression in freezing point in the ratio of 4:1. Assuming KCl 
to be completely ionized, the compound X in solution must 
(1) Dissociate to the extent of 50% 

(2) Hydrolyze to the extent of 80% 

(3) Dimerize to the extent of 50% 

(4) Trimerize to the extent of 75% 


2.78 
79. 


80. 


$1. 


82. 


85. 


87. 


Physical Chemistry 


Arrange the following as directed: (Q.79-82) 
Increasing order of boiling points. 

1. 0.001 m NaCl 11. 0.001 m urea 

Ill. 0.001 m MgCl, LV. 0.001 m CH,COOH 


(1) W<IV<I<Ul (2) 1<1<IV <M 
(3) M1 <1<TV <Il (4) 11<1V<1<1 
Increasing order freezing points. 

1. 0.1 M ethanol Il. 0.1 M Ba,(PO,), 
Ill. 0.1 M Na, SO, 
(1) Uu<M<I 

(3) 1< <1 
Increasing order of osmotic pressure. 

1. 0.1 M glucose II. 1% urea solution 
Ill. 0.1 M common salt 

(1) Hi<I<!I (2) W1<1<Il 

(3) 1< <TH (4) 11<I< Ill 


Increasing order of Van’t Hoff factor. 


(2) 11<1< Ul 
(4) WI<1< 1 


I. NaNO, II. BaCl, 

IM. K,[Fe(CN),] IV. C.H,,0, 

V. CH,COOH 

(1) W<I<V<IV<I 9 (Q2)IV<II<I<II<vV 


(3) Wi<0<I1<V<IV (4) IV<V=I<IH<M 


. The use of common salts, e.g., NaCl or CaCl, anhydrous, 


is made to clear snow on the roads. This causes: 
(1) A lowering in the freezing point of water. 
(2) A lowering in the melting point of ice. 


(3) Ice melts at the temperature of atmosphere present at 
that time. 


(4) All of these. 


. The relative lowering of vapour pressure is equal to the mole 


fraction of the non-volatile solute. This statement was given 
by 

(1) Raoult (2) Henry (3) Joule (4) Dalton 
Assuming each salt to be 90% dissociated which of the 
following will have the highest osmotic pressure? 

(1) Decinormal Al,(SO 
(2) Decinormal BaC L 
(3) Decinormal Na, 50, 


4)3 


(4) A solution obtained by mixing equal volumes of (2) 
and (3) and filtering 


- When a solution is separated from a solvent by a semi- 


permeable membrane, then the phenomenon taking place 
is called as 


(1) Osmosis (2) Diffusion (3) Solubility (4) None 


Ifa thin slice of sugar beet is placed in concentrated 
solution of NaCl, then 


(1) Sugar beet will lose water from its cells, 

(2) Sugar beet will absorb water from solution, 
(3) Sugar beet will neither absorb nor lose water 
(4) Sugar beet will dissolve in solution. | 


88. 


89. 


90. 


91. 


92. 


93. 


94. 


96, 


97. 


Which salt shows maximum osmotic pressure tin 
solution? 

(1) AgNO, (2) Na,SO, (3) (NH,)3;PO, 
Which solution will show maximum elevation in bo 
(1) 0.1 M KCI (2) 0.1 M BaCl, 
(3) 0. 1 MFeCl, (4) 0.1M Fe,(SO,), 
When common salt is dissolved in water 


(4) Mac 


(1) The melting point of the solution increases. 

(2) The boiling point of solution decreases. 

(3) Both melting point and boiling point decrease. 

(4) The boiling point of the solution increases. 

A teacher one day pointed out to his students the Peculiar 
fact that water is a unique liquid which freezes Exactly y 


0°C and boils exactly at 100°C. He asked the student, Y 

find the correct statement based on this fact. 

(1) Water dissolves anything, however sparingly the 
dissolution may be. 

(2) Water is a polar molecule. 


(3) Boiling and freezing temperatures of water were seq 
to define a temperature scale. 


(4) Liquid water is denser than ice. 


The osmotic pressure of a dilute solution is directly 
proportional to the 


‘(1) Diffusion rate of the solute 


(2) Ionic concentration 

(3) Boiling point 

(4) Flow of solvent from a concentrated solution 

The freezing point of 1% aqueous solution of calcium amr 
will be 

(1) 0°C (2) Above 0°C 

(3) 1°C (4) Below 0°C 

A perfectly semi-permeable membrane when used 0 


separate a solution from its solvent permits through 1 % 
passage of 


(1) Solute only 
(3) Both (1) and (2) 


(2) Solvent only 
(4) None 


. Which statement is incorrect about osmotic pressu |” 


volume (V), and temperature (7)? 
a ere 
(l) tx 7 if T is constant. 


(2) n œ T, if V is constant. 
(3) x « V, if Tis constant. 
(4) nV is constant, if T is constant. 
Semi-permeable membrane is chemically 

(1) Copper ferrocyanide 

(2) Copper ferricyanide 

(3) Copper sulphate 

(4) Potassium ferrocyanide vet" 
The depression in freezing point is maximum ifthe * 
used is 

(1) Camphor 


(2) Naphthalene 
(3) Benzene 


(4) Water 


In| 


Ri 


99. 


100. 


101. 


102. 


103. 


104. 


106, 


107, 


rhe osmotic pressure of a dilute solution is given by 
i 1) P=Po™ M (2) nV = nRT 
AP P°-P. 
a) AP = Poa (4) p° = p° 5 


which is not a colligative property? 
(1) Lowering of vapour pressure 


(2) Freezing point 

(3) Osmotic pressure | 

(4) Flevation in boiling point 

Blood has been found to be isotonic with 
(1) Normal saline solution 

(2) saturated NaCl solution 

(3) Saturated KCI solution 

(4) Saturated solution of a 1 : 1 mixture of NaCl and KCl 
sotonic solutions are those which have 

(1) Same osmotic pressure 

(2) Same molarity 

(3) Same density 

(4) Same normality 

The correct relationship between the boiling points of very 
dilute solutions of AICI, (¢,) and CaCl, (t,), having the same 
molar concentration, 1s 

(l)t=t, (2) t, >t, (3) t, >t, (4)t,2¢, 

Two solutions of KNO, and CH,COOH are prepared 
separately. The molarity of both is 0.1 M and osmotic 
pressure is P, and P}, respectively. 


The correct relationship between the osmotic pressures is 


(1) P,>P, (2) P= P, 
GP, =P (4) vs, 
l 2 P + P, P+ P, 
Boiling point elevation is 
(1) Additive property 
(2) Constitutive property 
(3) Colligative property 
(4) Partly additive and partly constitutive 
- An example of colligative property is 
(1) Freezing point (2) Boiling point 
(3) Vapour pressure (4) Osmotic pressure 


The colligative properties of a solution depend on 

(1) The number of solute particles present in it 

(2) The chemical nature of the solute particles present in it 
(3) The nature of the solvent used 

(4) None of these 


Osmosis is the spontaneous flow through a semi-permeable 

membrane of 

(1) A less concentrated solution into more concentrated 
solution 

(2) The solvent from a solution of lower concentration to 
one of higher concentration 


108. 


109. 


110. 


111. 


112. 


113. 


114. 


115. 


116. 


117. 


118. 


119. 


2.79 


(3) Solute particles from a solution of higher concentration 
to one of lower concentration 


(4) None of these 


The osmotic pressure of a non-aqueous solution is measured 
by 


(1) Berkeley and Hartley method 
(2) Pfeffer’s method 

(3) Morse and Frazer method 

(4) Townend’s method 


The osmotic pressure of a solution increases if 


Solutions 


(1) Temperature is lowered 

(2) Volume is increased 

(3) Number of solute molecules is increased 

(4) None of these 

The ratio of the value of any colligative property for KCI 
solution to that of sugar solution is 

(1) 1 (2) 0.5 (3)2 (4)4 
Equimolal solutions A and B show depression in freezing 
point in the ratio 2 : 1. A remains in the normal state in 
solution. B will be 


(1) Normal in solution (2) Dissociated in solution 


(3) Associated in solution (4) Hydrolysed in solution 
The vapour pressure (VP) of a dilute solution of non-volatile 
solute is P and the VP of a pure solvent is P°. The lowering 
of the VP is 

(1) +ve (2) —ve (3) P/P? (4) P°/P 

The value of K; for water is 1.86°, calculated from glucose 
solution. The value of K, for water calculated for NaCl 
solution will be 

(1) =1.86 (2) <1.86 (3) >1.86 (4) Zero 

What will be the molecular weight of NaCl determined 
experimentally following elevation in the boiling point or 
depression in freezing point method? 

(1) <58.5 (2) >58.5 (3) =58.5 (+H None 

The Van’t Hoff factor of NaCl assuming 100% dissociation 
is 

(1) 1/2 (2)2 (3) 1 (4) 3 

The solutions in which the blood cells retain their normal 
shape, with regard to the blood, are 

(1) Isotonic (2) Hypertonic 

(3) Hypotonic (4) None of these 

The factor A7,/A, represents 

(1) Molarity (2) Formality (3) Normality (+) Molality 
Which of the following solutions has minimum freezing 
point? 

(1) 0.01M NaCl (2) 0.005 M C,H,OH 

(3) 0.005 M Mgl, (4) 0.005 M MgSO, 

Which of the following solutions will have the highest 
boiling point? 

(1) 1% glucose in water 
(3) 1% NaCl in water 


(2) 1% sucrose in water 
(4) 1% CaCl, in water 


2.80 


120. 


121. 


122. 


124. 


125. 


126. 


127. 


128. 


129. 


Physical Chemistry 
Which ofthe following solutions 


point? l 
(1) 1 molal NaCl solution (2) 1 molal KCI solution 
(3) 1 molal CaCl, solution (4) 1 molal urea Bole 
The osmotic pressure of equimolar solutions of 
BaCl,, NaCl, and glucose follow the order 

(1) BaCl, > NaCl > Glucose 

(2) Glucose > NaCl > BaCl, 

(3) NaCl > BaCl, > Glucose 


(4) NaCl > Glucose > BaCl, 


Which of the following solutions has the maximum freezing 


point? 

(1) 1 molar of NaCl solution 
(2) 1 molar of KC1 solution 
(3) 1 molar of CaCl, solution 
(4) 1 molar of urea solution 


has the minimum freezing 


3. The osmotic pressure of a 5% (weight/volume) solution of 


cane sugar at 150°C is 
(1) 4 atm (2) 3.4 atm 
The freezing point of a 0.05 molal solution of non-electrolyte 


(3) 5.078 atm (4) 2.45 atm 


in water is 

(K,= 1.86 K ar’) 

(1)—-1.86°C (2)—0.93°C (3) -0.093°C (4) 0.093°C 
The freezing point of 1 m NaCl solution assuming NaCl to 
be 100% dissociated in water is (K,= 1.86 K m`’) 

(1) -1.86°C (2)-3.72°C (3)+1.86°C (4) +3.72°C 
The molal freezing point constant of water is 1.86 K m!. 
If 342 g of cane sugar (C,,H,,0,,) is dissolved in 1000 g 
of water, the solution will freeze at 

(1)-1.86°C (2) 1.86° (3) —3.92°C (4) 2.42°C 

The osmotic pressure of a solution containing 0.1 mol of 
solute per litre at 273 K is 


0.1 
(1) Fa x 0.08205 x 273 atm 


(2) 0.1 % 2 x 0.08205 x 273 atm 


] 
(3) rr x 0.08205 x 273 atm 


4 01 273 

1 0.08205 
The osmotic pressure of 40% (weight/volume) urea solution 
is 1.64 atm and that of 3.42% (weight/volume) cane sugar is 
2.46 atm. When equal volumes of the above two solutions 
are mixed, the osmotic pressure of the resulting solution is 
(1) 1.64 atm (2)2.46 atm (3) 4.10 atm (4) 2.05 atm 
hae aia pressure of a solution (density is 1 g mL !) 
peal E (molecular weight = 180) in 


(1) 0.34 atm (2) 0.65 atm (3) 6.25 atm (4) 5.57 atm 


atm 
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139. 


140. 


141, 


What would be the freezing point of aqueous Sol | 
lO 
ater 


ining 17 8g of C,H,OH in 1000 g of y 


conta 
Ko 186K m". l 
(1) —0.69°C (2) —0.34°C 
(3) 0.0°C (4) 0.34°C 


A solution containing 8.6 g urea in 1 L was found , 
isotonic with a 5% ( weight/volume) solution of an or 
non-volatile solute. The molecular weight of latter iş 
(1) 348.9 (2) 34.89 (3) 3489 (4) 861.2 
A solution containing 4 g of a non-volatile organic Soh 
per 100 mL was found to have an osmotic pressure equal y 
500 cm of mercury at 27°C. The molecular weight of solute 
is 

(1) 14.97 (2) 149.7 (3) 1697 (4) 1.497 
The molal elevation constant of water = 0.52 K mr! Th 
boiling point of 1.0 molal aqueous KCI solution ( assuming 
complete dissociation of KCl) should be 

(1) 100.52°C (2) 101.04°C 

(3) 99.48°C (4) 98.96°C 

If a 6.84% (weight/volume) solution of cane sugar 
(molecular weight = 342) is isotonic with 1.52% (weight 
volume) solution of thiocarbamide, then the molecular 
weight of thiocarbamide is 

(1) 152 (2) 760 (3) 60 (4) 180 

The osmotic pressure of a sugar solution at 24°C is 
2.5 atm. The concentration of the solution in mole per lites 


Ob 
Baniç 


(1) 10.25 (2) 1.025 (3) 1025 (4) 0.1025 
The Van’t Hoff factor of very dilute solution of Ca(NO;). $ 
(1) 1 (2) 2 (3) 3 (4) 4 


Lowering in vapour pressure is highest for 

(1) 0.2 m urea (2) 0.1 m glucose 

(3) 0.1 m MgSO, (4) 0.1 m BaCl, 

Which of the following will have the highest boiling P 
at | atm pressure? 

(1) 0.1 M NaCl (2) 0.1 M sucrose 

(3) 0.1 M BaCl, (4) 0.1 M glucose 

An aqueous solution freezes at 

-0.186°C (K,= 1.86°; K, = 0.5128), What is the ele" 
in boiling point? 


86 tte 
The molal depression constant for water js 1.80°C- Th 


` ; ; ` „roly 
freezing point of a 0.05-molal solution of a non-elect": 


in water is 
(1) 186°C (2) -0.93°C (3) -0.093°C (4) 093° 
The freezing point of a solution prepared from “” 
non-electrolyte and 20 g of water is 271.9 K. I "oft 
depression constant is 1.86 K mol-!, then molar mas 
solute will be 
(1) 105.7 

(3) 115.3 


(2) 106.7 
(4) 93.9 


y, 
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Ba 


solution of cane sugar (molecular weight = 342) is 
c with 1% solution of substance X. The molecular 


A 5% 

a 
weight of X is 
(1) 171.2 (2) 68.4 (3) 34.2 (4) 136.2 
The osmotic pressure of blood is 7.40 atm at 27°C. The 
number of mol of glucose to be used per litre for an 
intravenous injection that is to have the same osmotic 
pressure as blood is 
(1) 0.3 (2) 0.2 (3) 0.1 (4) 0.4 
ptCl,.6H,O can exist as a hydrated complex; 1 m aqueous 
solution has the depression in freezing point of 3.72 K. 
Assume 100% ionization and K, (H,O) = 1.86 Km, then 
the complex is 
(1) [PtH,0),IC1, (2) [Pt(H,0),C1,]Cl,-2H,0 
(3) [Pt(H,O),C1,]Cl'3H,O (4) [Pt(H,O),C1,]-4H,O 
Which of the following solutions (1 molal) will have the 
maximum freezing point, assuming equal ionization in each 
case? 
(1) [Fe(H,O),]Cl, (2) [Fe(H,O),CI]C1,-H,O 
(3) [Fe(H,O),C1,]C1.2H,O (4) [Fe(H,O),Cl,]-3H,O 
The depression in freezing point of 0.01 m aqueous 
CH,COOH solution is 0.02046°. 1 m urea solution freezes 
at i 86°C. Assuming molality equal to molarity, pH of 
CH,COOH solution is 
(1)2 (2) 3 (3) 3.2 (4) 4.2 
pH of a 0.1 M monobasic acid is found to be 2. Hence, its 
osmotic pressure at a given temperature T K is 
(1) O.1RT © (2)O0.11RT (3) 1.1RT (4) 0.01RT 
The lowering of vapour pressure due to a solute in a 1 m 
aqueous solution at 100°C is 
(1) 13.44 torr (2) 14.12 torr 
(3) 312 torr (4) 352 torr 
Which has the maximum osmotic pressure at temperature T? 
(1) 100 mL of 1 M urea solution. 
(2) 300 mL of 1 M glucose solution. 
(3) Mixture of 100 mL of 1 M urea solution and 300 mL of 

1 M glucose solution. 

(4) All are isotonic. 


- FeCl, on reaction with K,[Fe(CN),] in aqueous solution 


gives ie colour. These are separated by a semi-permeable 
membrane AB as shown. Due to osmosis, there 1s 


- Side-x- zci Bidoia 


(1) Blue colour formation in side X. 

(2) Blue colour formation in side Y. 

(3) Blue colour formation in both of sides X and Y. 
(4) No blue colour formation. 


Solutions 2.81 
151. 12.2 g of benzoic acid (Mw = 122) in 100 g benzene has 
depression in freezing point 2.6°; K, = 5.2° kg mol!. 
If there is 100% polymerzation, the number of molecules 
of benzoic acid in associated state is 
(1) | (2)2 (3)3 (4) 4 
25 mL of an aqueous solution of KCI was found to require 
20 mL of 1 M AgNO, solution when titrated using a K,CrO, 
as indicator. The depression in freezing point of KCI solution 
with 100% ionization will be: 
[K, = 2.0° mol kg and molarity = molality] 
(1) 5.0° (2)3:2° (3) 1.6° (4) 0.8° 


152. 


For Problems 153-155 

Following questions are based on the following activities (A) with 
observations (O) and results or reason (R), 

(1) If A and O are correct and R is incorrect, mark (1). 

(2) If A and O are incorrect and R is correct, mark (2). 

(3) If A, O, and R are all correct, mark (3). 

(4) If A is correct, and O and R are incorrect, mark (4). 


Osmosis takes Osmosis takes — 


K,[Fe(CN)<] place from _ place from 
and 0.1 M 0.01 M _ dilute to 
FeCl, solution to 0.1 M | concentrated 
solutions are solution but solution and the 
separated by no blue colour solvent (H,O) | 
a semi-permeable | formation that flows. 
membrane. either of side. 

. 1 mol each of Pas This is positive 


deviation from 
Raoult’s law. 


benzene and Pe Xg t Pr Xr 


toluene are mixed. 


. |Ether is added Boiling point Boiling point 
to H,O. is elevated is elevated 
when a volatile 
solute is added 


_ to a solvent. 


The amount of ice that will separate out on cooling a 
solution containing 50 g of ethylene glycol in 200 g water 
to -9.3°C is: (K’,=1.86 K molality') 


(1) 38.71 g (2) 38.71 mg 
(3) 42 g (4) 42 mg 


157. The phase diagrams for a pure solvent (represented by 
the solid line) and a corresponding solution (containing a 
nonvolatile solute and represented by the dashed lines) are 
shown below. 


156. 


Temperature 


2.82 Physical Chemistry 


Choose the correct option. 

(1)4 =AT,m and B= AT;m 

(2) 4 = AT,m and B= AT,m 

(3) 4 = AT, and B = AT, 

(4) 4= AT, and B= AT, 

where T, T, and m stand for freezing point temperature, 
boiling point temperature and molality. 


158. The vapour pressure curves of the same solute in the same 
es are parallel to each 


solvent are shwon below. The curv ; 
and do not intersect. The concentrations of solutions are 1m 


order of: 


5 
€ 
Q 
> 
——> Temperature(°C) 
(I< <M (2) 1=N= 
®QI> >M (4)1>I >HI 


159. van’t Hoff proved that osmotic pressure (7) is a colligative 
property. For an ideal solution, osmotic pressure (7) is 
helpful to determine that molecular mass of solute using 

_WgRT 
B ny 
Relation cna be expressed by the curve (C = concentration): 


5 consort C = constant 


(1) (2) 


—> a 


— T 
r \ T| T= constant 
(3) | \ (4) 
i ET 
Miscellaneous 


160. XY (i = 5) when reacted with A,B, (i = 5) in aqueous 
solution gives brown colour. These are separated by a 
semipermeable membrane AB as shown. Due to osmosis 
there is: 


161. 
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m E T colour formation in side X S 


(1) Brown 
(2) Brown colour formation in side Y 


(3) Formation in both of the sides X and Y 


(4) No brown colour formation 


The osmotic pressure of 0.3 M aqueous solution of Nac, | 


equal to the osmotic pressure of 0.2 M aqueous Solute i 
unknown ionic compound X. The van’t Hoff factor ofy of 


iy 
(1) 1.0 (2) 1.5 
(3) 2.5 (4) 3.0 
At 760 torr pressure and 20°C temperature, | L ofw 
dissolves 0.04 gm of pure oxygen or 0.02 gm of Min 
nitrogen. Assuming that dry air is composed of oy 
oxygen and 80% nitrogen (by volume), the masse, P 
g/L) of oxygen and nitrogen dissolved by 1 L of Ma 
at 20°C exposed to air at a total pressure of 760 torr fi 
respectively: 
(1) 0.008, 0.016 (2) 0.016, 0.008 
(3) 0.16, 0.08 (4) 0.04, 0.02 


At 300 K, 40 mL of O,(g) dissolves in 100 g of water » 
1.0 atm. What mass of ozone dissolved in 400 g of water; 
a pressure of 4.0 atm at 300 K? 


(1) 0.1 g (2) 1.24 g 
(3) 0.48 g (4) 4.8 2 


According to henry’s law, the partial pressure of gas (P. 
is directly proportional to mole fraction of gas in liqui 
solution, i = Ky A, si where K,, is Henry’s consin. 
Select incorrect statement? 


ates 


(1) K,, is characteristic constant for a given gas-solvat 
system 


(2) Higher is the value of K yp lower is solubility of gas © 
a given partial pressure of gas 


(3) Ky has temperature dependence 
(4) K,, decreases with increase of temperature 
According to Henry’s law, the solubility of a gas 2 98” 
volume of liquid increases with increase in : 
(1) Temperature (2) Pressure 
(3) Both (1) and (2) (4) None of these 

os pd" 


| kg of water under a nitrogen pressure of l am 
dissolves 0.02 gm of nitrogen at 293 K. Calculate Hen 
law constant: 


(1) 7.7 x 104 atm (2) 7.7 x 103 atm 


(3)2 x 10> atm (4) 2 x 10-7 atm , 
und (* 


rye 
~N 


lhe freezing point of the solution of compo ri 
tet 


Co(NH,),Cl,, containing 23.35 of solute per kg W° 
Given: K,= 1.86°c/m. 

Mw of X = 233.5 g mol! 

(1) -0.186°C (2) -0.372°C 

(3) -0.558°C (4) -0.744°C 


y 


| Solutions 2.83 
| | the INCORRECT statement about Solubility of a 


| (b 


169. 


170. 


t 
ae and Henry’s constant: 
ga . 
i partial pressure of a gas is related to number of moles 
l of the dissolved gas and Ką (Henry’s constant) 


0) 0,(2) and N,(g) are less soluble in H,O and solubility 
of these gases decrease with increase of temperature. 
These gases have higher Ky value at a given pressure 
and Ky value increase with temperature 


3) $O,(g) and NH,(g) are more soluble in H,O and 
solubility of these gases decrease with increase of 
temperature. These gases have lower Ky value at a 
given pressure. 


(4) Helium (g) and Argon (g) are sparingly soluble in 
acetone and solubility of these gases increases slightly 
with increase of temperature. These gases have higher 
Ką value at a given pressure. 


( 


The van’t Hoff factor (i) for the following are respectively, 
if 60% ionisation or association takes place. 


I. Hg,Cl, in aqueous solution. 

II. Boron in non-aqueous solution 
(1) 2.2, 0.45 (2) 054 
(3) 2.8, 0.55 (4) 3, 0.5 


If the boiling point of an aqueous solution is 100.3°C. 
Given |, and 1, are 100 and 500 cal g`’ respectively. (1, and 
|_are latent heat of fusion and vapourization respectively) 


Select the CORRECT experssion for AT, 


273)" x1. 273)" x 0.5 

(1) AT, = a (2) A= SS 
(373) (373) 

- 373)? x 0.5 

(3) AT = = (4) AT, = LE o 
(273) (273) 


Multiple Correct Answers Type ili 


Raoult’s Law, Ideal and NonIdeal Solution, Azeotrope 


L. 


Two miscible liquids A and B having vapour pressure in 
pure state P,° and P,° are mixed in mole fraction x, and 
{g to get a mixture having total vapour pressure of mixture 
Py, Which of the following relations are correct? 


0) 4, = Baa Pa’ tan Po 
P,°- P,° XA (V) Ps 
Xa P 
(3) 0 -M (4) All of these 
X av) Py 


` Amixture of two immiscible liquids A and B, having vapour 


Pressure in pure state obeys the following relationship if X4 
and Xy are mole fractions of A and B in vapour phase over 
the Solution 


(2) oa _ Wa x Mwg 
Fy Mw, x Wp 


. 1 mol benzene (P° 


(3) If P' ,>P'p then UA<X'p 
(4) If P’,> P' p» then n, > np 


- Which relations are not correct for an aqueous dilute solution 


of K,PO, if its degree of dissociation is a? 


(1) AP _ Molality x18 x (1 + 3a) 


p 1000 

(2) AP _ Tops X18 (1 + 3a) 
p° RT x 1000 

(3) AP _ ATrops X18 
P°  K, x 1000 


(4) Mw of K,PO, = Mw,,, * (1 + 3a) 


- Which of the following statements is/are correct? 


(1) Minimum boiling azeotropic mixture boils at temperature 
lower than either of the two pure components. 

(2) Maximum boiling azeotropic mixture boils at temperature 
higher than either of the two pure components. 

(3) Minimum boiling azeotropic mixture shows positive 
deviation. 

(4) Maximum boiling azeotropic mixture shows negative 
deviation. 


. Fora non-volatile solute 


(1) The vapour pressure of a solute is zero. 

(2) Vapour pressure of solution = Vapour pressure of pure 
solvent. 

(3) Vapour pressure of solution = Vapour pressure of solvent 
in solution. 

(4) All of these. 

benzene 7 42 mm) and 2 mol toluene 

(P° stuene = 36 mm) will have 

(1) Total vapour pressure of 38 mm. 

(2) Mole fraction of vapour of benzene above liquid mixture 
is 7/19. 

(3) Positive deviation from Raoult’s law. 


(4) Negative deviation from Raoult’s law. 


. Which pair(s) of liquids on mixing is/are expected to show 


no net volume change and no heat effect? 
(1) Acetone and ethanol 

(2) Chlorobenzene and bromobenzene 
(3) Chloroform and benzene 

(4) n-Butyl chloride and n-butyl bromide 


. The following is a graph plotted between the vapour pressure 


of two volatile liquids against their respective mole fractions. 


a 


Vapour |p 4- V 
escuro | TA apour 
a l pressure 
A a. Xa = 0 
Xg =0 Xg=!l 
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10. 


Ii. 


12. 


13. 


14. 


Which of the following statements is/are correct? 
(1) When x, = | and Xp = 0, then P = Zs 
(2) When x, = l and x4 = 0, then P = Pa 
(3) When x, = 1 and Xp = 9, then P < T 
(4) When x, = 1 and x, = 0, then P > P,°. oe 
Which of the following combinations are correct fi a! a 
solution, in which the solute as well as solvent are liqui 
(1) C,H, and C,H,CH,: Aso? 0; A.V = 9 

O 
(2) cu, —é—cn, and CHCI,: A7 < 9; Aa <9 
H>0; A, V<0 


(3) H,O and HCI: A, sl 
(4) H,O and CH,OH; Aft > 0; Aas 0 | 
Effect of adding a non-volatile solute to a solvent 1s: 
(1) to lower the vapour pressure 

(2) to increase its freezing point 

(3) to increase its boiling point 

(4) to decrease its osmotic pressure 

Which of the following forms is an ideal solution? 
(1) Ethyl bromide + Ethyl iodide 

(2) Ethyl alcohol + Water 

(3) Chloroform + Benzene 

(4) Benzene + Toluene 


119 
mm 
Vapour Vapour 
pressure 37 pressure 
of toluene |mm fo benzene 


0 0.2 0.4 0.6 0.8 l 
Mole fraction of benzene 
Choose the correct option: 
(1) A represents vapour composition and B represents liquid 
composition. 
(2) A as well as B represent liquid composition. 
(3) both A and B represent vapour composition. 
(4) A represents liquid composition and B represents vapour 
Composition. 
When acetone and chloroform are mixed, hydrogen bonding 
takes place between them. Such a liquid pair will cause 
(1) Positive deviation from Raoult’s law. 
(2) Negative deviation from Raoult’s Jaw. 
(3) No deviation from Raoult’s law, 
(4) Cannot be predicted. 
A maxima or minima is obt 
composition curve of 
indicate 


ained in the temperature. The 
a mixture of two liquids does not 


(1) That the liquids are im 
(2) That the liquids are 
or minimum. 


miscible with one another 
partially miscible at the maximum 


iy pes, ee 


16. 


17. 


18. 


(3) An azeotropic mixture. 


i ation. 
4) A eutectic form l TERN 
: i a binary ideal liquid solution, the variation į ” 
mbar pressure versus composition of solution 18 Biven by 


which of the curves? 


<—x, 
X, > 


The diagram given below depicts the boiling point as th 
function of composition of the mixture of CCl, and SiC, 
Which of the following statements about the diagram is/are 
true? 


B.Pt Tec 


9 Xec, > ! 


(1) The point a represents the composition of solution ai 
the point b that of the vapour in equilibrium 

(2) The proportion of CCl 4 in the solution is smaller than 
that in the vapour in equilibrium 

(3) bc represents the condensation of the vapour | 

(4) The point c represents the composition of souton W 
the point b that of the vapour in equilibnums. , 

On mixing 1 mole of C,H, (P? = 42 mm) and 2 mole * 

C-H; (P° = 36 mm), one can conclude: 

(1) Total vapour pressure of mixture = 38 mm 


(2) Mole fractoin of vapours of C,H, above liquid mux 
T 
19 

(3) Positive deviation from Raoult’s law 

(4) Both forms ideal solution 

Composition of an azeotrope 


tod 
, ith 
(1) Is indepndent of external pressure because 
Compound 


.. got! 
it is 2° 
(2) Alters on changing the external pressure as ! 
compound l 


pst 
(3) Remains unchanged during distillation at 4 = 
external pressure 


(4) Fluctuates even at constant pressure 


» 


» 


20. 


penzene and naphthalene form an ideal solution at room 
temperature. For this process, the true statement(s) is (are): 
(1) AG is positive (2) AS tem İS Positive 
(3) AS surroundings =0 (4) AH =0 

Which of the following statements is/are w 


rong for a 
solution of chloroform and acetone? 


(1) The solution formed is an ideal solution 


(2) The solution formed is a non-ideal solution with positive 
deviation from Raoult’s law 


(3) The solution formed is a non-ideal solution with negative 
deviation from Raoult’s law 


(4) The solution behaves ideally or non-ideally depending 
upon its composition 


Colligative Properties and Vant Hoff factor 


21. 


22. 


23. 


24, 


25, 


> 


Osmotic pressure of a solution is 


(1) Directly proportional to the molar concentration of the 
solution. 


(2) Inversely proportional to the molecular weight of the 
solute. 

(3) Inversely proportional to the temperature. 

(4) Directly proportional to the volume of the solution. 

Which of the following is/are true? 

(1) For the same solution, elevation in boiling point 
= depression in freezing point. 

(2) The Van’t Hoff factor for a dilute solution of BaCl, 
is 3. 

(3) The elevation in boiling point is due to increase in vapour 
pressure. 

(4) The depression in freezing point is due to decrease in 
vapour pressure. 

To 10 mL of 1 M BaCl, solution 5 mL of 0.5 M K,SO, is 

added. BaSO, is precipitated out. What will happen? 

(1) Freezing point will increase. 

(2) Boiling point will increase. 

(3) Freezing point will lower down. 

(4) Boiling point will lower down. 

A difference between diffusion and osmosis is 

(1)A semi-permeable membrane is required for osmosis 
while diffusion requires no semi-permeable membrane. 

(2) In osmosis movement of molecules is only in one direction 
whereas in diffusion movement is on both sides. 

(3) In osmosis only the solvent moves while in diffusion 
both solute and solvent move. 

(4) None of these. 

Which of the following statements is/are correct? 

(1) The freezing point of water is depressed by the addition 
of glucose. 

(2) The degree of dissociation of a weak electrolyte decrease 
as its concentration decreases. 

(3) Energy is released when a substance dissolves in water 
Provided that the hydration energy of the substance 1s 
More than its lattice energy. 
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(4) If two liquids that form an ideal solution are mixed, the 


change in entropy is positive. 


26. Consider the two solutions: 


27. 


28. 


29. 


30. 


31. 


I: 0.5 M NaCl aqueous solution at 25°C: 
NaCl is completely ionized. 
11:2.0 M C,H,COOH in benzene at 25°C: 
C,H;COOH dimerizes to the full extent. 
Which of the following statements(s) is(are) correct? 
(1) Both the solutions display equal osmotic pressure. 
(2) Both have equal vapour pressure. 
(3) Solution II is hypertonic. 


(4) Solution II has greater depression in freezing point than 
solution I. 


Consider the following solutions: 

II. 1 M KCI 
HI. 1 M benzoic acid in benzene 

IV. 1 M (NH,),PO, 


Which of the following is/are true? 


I. 1 M sucrose 


(1) All solutions are isotonic. 

(2) III is hypotonic of I, II, and IV. 

(3) I, II, and III are hypertonic of IV. 

(4) IV is hypertonic of I, II, and II. 

The osmotic pressure of a solution depends on 

(1) Nature of solute 

(2) Nature of solvent 

(3) Temperature 

(4) Molar concentration of solute 

1.2575 g sample of [Cr(NH,),]SO,Cl (Mw = 251.5) is 
dissolved to prepare 250 mL solution showing an osmotic 
pressure of 1.478 atm of Hg at 27°C. Which of the following 
statements is/are correct about this solution? 

(1) Each molecule furnishes three ions in solution. 

(2) The Van’t Hoff factor is = 3. 

(3) The equilibrium molarity of [Cr(NH,),]SO,Cl = 0. 

(4) The equilibrium molarity of [Cr(NH,),}>* = 0.02 M. 

2 L of 1 molar solution of a complex salt CrCl,.6H,O 
(Mw = 266.5) shows an osmotic pressure of 98.52 atm. The 


solution is now treated with 1 L of 6 M AgNO,, which of 
the following are correct? 


(1) Weight of AgCI precipitated is 861 g. 


(2) The clear solution will show an osmotic pressure of 
98.52 atm. 


(3) The clear solution will show an osmotic pressure of 
65.68 atm. 


(4) 2 mol of [Cr(H,O),] (NO,), will be present in the 
solution. 


For a given value of degree of dissociation, which of the 
following have correct Van’t Hoff factor? 
(1) NaCl, i=2+0 


| 


e the percent strength of solution a | 
% solution of glucose? ah | 


(2) 13.5% 
(4) 9% 


2. What would b 
would be jsotonic with 4.5 


(1) 4.5% 
(3) 1.5% 
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(2) Ca(NO,)>, j=1+2a 
(3) Ky[Fe(CN)g]. i= 1 * 4a 
(4) (NH ),PO, i53 + & 


e solvent and a olution to be injected into the bloodstre, 


aire—_tempe > curves of pur 
32. Vapour pressure-temperature curves o i i 3, The glucose s | 
solution containing a non-volatile solute are shown in the re ' self should have besme May 
figure. Select the correct statement(s) (1) Molarity (2) Vapour pressure 
lam I H (3) Osmotic pressure (4) Viscosity 
760 torr/) p/! i ions have same ° 
á o hao torr 4. Isotonic polasti a 
S (1) Density (2) Molarity 
V.P. i (3) Molality (4) Normality 
(5) Osmotic pressure 
T——> 5, Osmotic rise of a solution depends on 
(1) Concentration (2) Temperature 
(1) Curve I represents the variation of vapour pressure of (3) Nature Eolsen (4) Alll of these 
solution and II that of solvent with temperature a 
(2) Curve I and II represents the variation of vapour Paragrap 
pressures of solvent and solution respectively with 
temperature 
(3) Gap ab represents K,m for the solution 
(4) Gab ab represents Km for the solution 
33. A graph showing variation of osmotic pressure (7) 
versus molar concentration (C) of an aqueous solution at 
pene INE ON Compartments A and B have the following combinations « 
solution: 
; A B 
1. 0.1 M KCI 0.2 M KCl 
T 2. 0.1% (m/V) NaCl 10% (m/V) NaCl 
3. 18 g L! glucose 34.2 g L~! sucrose 
4. 20% (m/V) glucose 10% (m/V) glucose 
The slope of the line doesn’t represent: Answer the following questions: 
(1) Solution constant R 6. Indicate the number of solutions which is/are isotone. 
(2) Absolute temperature T (1) 1 only (2) 3 only 
(3) RT (3) 4 only (4) 2 only 
(4) Degree of ionization of solute? 7. The solutions in which compartment B is hyper" 
he (2) 2,3 


Linked Comprehension Type Iil 03,4 | (4)1,4 l 
iE | 8. Indicate the solution(s) in which compartment A wills 


an increase in volume. 


Paragraph 1 
Tis omae orani 
of Fanaa pressure n depends on the molar concentration yA (22 
oba ie ( i CRT). If two solutions are of equal solute (3)3 (4) 5 
entration and, hence, have Vacs Aa ; f -o i ~ “ry shit 
are said to be isotonic. If a same osmotic pressure, they ý orai the solution(s) in which compartment Bwil* 
pressures, the more concentr aa oe are of unequal osmotic an increase in volume. 
and the more diluted solution i ý uuan is said to be hypertonic (1) 1,2,4 Hi2 
i l solution is described as hypotonic (3)2,3 ae 
smosis is the maj ee ee J) 2,- | 
iowa “iets a for transporting water IO; The solution in which ther (4) 3,4 anat the 
1. A plant cell shri | ¢ following questions: of the solution i a TT 
- A plant cell shrinks when it is kept in: gi on in the compartments A and B'S: 
(1) Hypotonic soluti 
ution (2) H fast (2) 2 
, ypertonic soluti 
(3) Isotonic solution P iii Oa (4) 3 


(4) Pure water Paragraph 3 ‘ 
qt 


A i . 
eae M is prepared by mixing ethanol and water. 
ion of ethanol in the mixture is 0.9 


m 


| ep: Freezing point depression constant of water 
GNE g") = 1.86 K kg mot! 
i zing point depression constant of ethanol 
( K gthanel) = 2.0 K kg mol! 


point elevation constant of water 

(KX) = 0.52 K kg mol! 

ng point elevation constant of ethanol 
co") =1.2K kg mor! 

standard freezing point of water = 273 K 

standard freezing point of ethanol = 155.7 K 

standard boiling point of water = 373 K 

standard boiling point of ethanol = 351.5 K 

Vapour pressure of pure water = 32.8 mm Hg 


poiling 


goili 


Vapour pressure of pure ethanol = 40 mm Hg 
Molecular weight of water = 18 g mol"! 
Molecular weight of ethanol = 46 g mol! 


h answering the following questions consider the solutions to 
n ideal dilute solutions and solutes to be non-volatile and non- 


dissociative. 

iI. The freezing point of the solution M is 
(1) 268.7 K (2) 268.5 K 
(3) 150.9K (4) 268.7 K 

12. The vapour pressure of the solution M is 
(1) 39.3 mm Hg (2) 36.0 mm Hg 
(3) 29.5 mm Hg (4) 28.8 mm Hg 

13. Water is added to the solution M such that the mole fraction 


of water in the solution becomes 0.9. The boiling point of 
this solution is 


(1) 380.4 K (2)376.2 K 
(3) 375.5 K (4) 354.7 K 
Paragraph 4 


å certain vessel X has water and nitrogen gas at a total pressure 
%2 atm and 300 K. All the contents of vessel are transferred to 
another vessel Y having half the capacity of the vessel X. The 
pressure of N, in this vessel was 3.8 atm at 300 K. The vessel Y 
5 heated to 320 K and the total pressure observed was 4.32 atm. 
Assume that the volume occupied by the gasses in vessel is equal 
"the volume of the vessel. Calculate the following: 


14. Pressure of H,O(g) in X at 320 K. 


(1) 0.1 (2) 0.2 
(3) 1.0 (4) 2.0 
IS. Pressure of N, at 320 K. 
(1) 4.0 (2) 4.05 
(3) 5.05 (4) 1.05 
16, Pressure of water vapour at 320 K 
(1)0.27 (2) 0.32 
(3) 4.0 (4) 1.0 
1, Enthalpy of vapourization. 
(1) 30.00 (2) 35.65 
(3) 38.65 


(4) 39.65 
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Paragraph 5 
Figure (a) represents the distillation of mixture of liquid A and liquid 
B which gives both of pure liquid A and B. While Fig. (b) represents 
the azeotopic mixture of HNO, and H,O which distillation gives 
an azeotropic mixture and either of pure liquid. We cannot separate 
both the pure liquid, i.e., H,O and HNO.. 


—__ 


~~ Vapour 


100% P R 100% 


B 


100% H,O 68% HNO; 100% 
32% H-0 HNO; 
(b) 
18. What is the result of distilling a mixture of 50% HNO, and 
50% H,O? 


(1) Pure water and azeotropic mixture can be separated. 
(2) Pure H,O and pure HNO, can be separated. 

(3) Pure HNO, and azeotropic mixture can be separated. 
(4) None of these 

What is the result of distilling a mixture of 80% HNO, and 
20% H,0? 

(1) Pure H,O and azeotropic mixture can be separated. 


19. 


(2) Pure H,O and pure HNO, can be separated. 
(3) Pure HNO, and azeotropic mixture can be separated. 
(4) None of these 

20. Which of the following statements is/are correct? 

i. HNO, solution ts not obeying the Raoult’s law. 

ii, More the difference in vapour pressure of pure 
compounds forming a mixture, easier to separate them 
through distillation, 

iii. In Fig. (a), 7, ts less than T, because the liquid of 
composition Q is richer in more volatile component. 

(1) (ii) and (iii) (2) (it) 

(3) (i) and (ii) (4) (i), (ii) and (iii) 
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21. In Fig. (a), a solution of 50% of A and 50% of B on 
distillation results into 
(1) Separation of an azeotropic mixture and pure A. 
(2) Separation of an azeotropic mixture and pure B. 
(3) Separation of both pure A and pure B. a 
` le fracti 
(4) None of these AL 
a ; Column I Column It = 
22. At temperature 7, and composition Q, which of the asi asa 
following is true? a.| A p-| (+) deviation 
7 3 b.| B q. Ideal 
(1) Vapour phase is richer in B while liquid phase is richer eg r.| () deviation 
in A. 
3. Match the following: 
> eat; Sa ae aa CA = ee a 
(2) Distillation of composition Q gives only pure A. — Column I Lika 
(3) Distillation of composition QO gives pure A and pure B. ‘Urea, glucose, , fructose | o r TI 
(4) Distillation of composition Q gives higher percentage NaCl, MgCl, K, S( J _ 4 123 
of B than A. c.| Al,(SO,)3, Na ,PO,, K [Fe(CN] | rl Td 
d. Glucose, NaCl, CaCl, s| 233 
Matrix Match Type 1] : m 
Column I | | Column IJ 
; Hypertonic p. | Solutions having same osmo 


This section contains questions each with two columns—] and II. 
Match the items given in column I with that in column II. 


1. p, = partial pressure of component A in liquid mixture, 
P „° = vapour pressure of A, x, = mole fraction of A in liquid 


mixture 


| a 
a.| C,H.OH+H,O | p- Azeotropic mixture 
b. C,H.Br+C,H.I | q.| Obeys Raoult’s law 
"a eek aP r.. Non-ideal solution with positive | 
deviation 


Non-ideal solution with negative 


d. H,O+H,SO, 


deviation 


Ideal solution 


‘Characteristics D 


Interstitial solid solution 


Substitutional solid solution 
Solubility does not increase 
decrease continuously 


increase of “temperature 


CaCl,-6H,O 
increase of temperature 


Solubility decreases continuously with | $ 


Solubility increases continuously with | t 


| | pressure 
Isotonic q. | One solution has higher 

| osmotic pressure than the 
second solution. 


| Theory of dilute solution 


ce. Van’t Hoff r. 


 d.| Beckmann | s. | Differential thermometer 
—— L 
5, = ne 
Column I Column Il 
| Observed colligative props 
ag f° =F, | p. | uam 
i | Normal colligative prope 
| b.| P? x KaT Ps | q. | Lowering in vapour PSS _ 
c.| Mixture that r. Azeotropic mixture 
boils like pure 
solvent | | o 
= a f = : ms 
d.| Van’t Hoff factor s. Raoult’s law 
Characteristics (11) =_— 
nee FS ea hep 
p Formed by placing atoms of one e kind into the F 
other substance in its crystal lattice 
q | Formed by placing atoms of one kind into the ¥* 
the lattice of atoms of other substance 
or |r | Hydration energy is less than lattice energy 
a Ie. 
na al r pemperat® 


On heating change at a particular p 


one polymorphic form to another ~~" 


Process of dissolution is endothermic 
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Characteristics (IT) | | 
Lower K,, (Henry’s constant) value at a given 
: i ANES E pressure 
ess soluble i mee S aa APOE A a 
On H,O E Higher K,, value at a given pressure | 
im ý : ingly Soluble in acetone. Solubility K,, value increases with increase of 
A slightly with increase of temperature temperature 
Solubility of gases decreases with increase of | | Chemically react with water 7 | 
temperature 
Mole fraction of the dissolved gas E Ky OO | 
. % ionizatt lex, calculate the number of ions 
Value Type i} 100% ionization of complex, 
Numerical tA ) furnished by complex in the solution. 
ae , (1) 1 (2)2 (3)4 (4) 0 

j, 12.2 of benzoic acid (Mw = 122) in 100 g water has 5. The total number of colligative properties are 
elevation in boiling point of 0.27. K, = 0.54 K kg mol. If (1) 1 (2) 2 (3)3 (4) 4 
ere l pee haere a number ak mateoniesoi 6. If for a sucrose, elevation in boiling point is 1.0°C, then 
aia NAS OCA Eaa a what will be the boiling point of NaCl solution for same 
(1)2 (2) 1 (3) 3 (4) 4 molal concentration? 

3, The ratio of the value of any colligative property for BaCl, (1) 1.0°C  (2)2.0°C  (3)3.0°C (4) 4.0°C 
solution of urea solution under similar condition is 7. The osmotic pressure of urea solution at 10°C is 200 mm. 
(1)2 (2) 3 (3) 1 (4) 4 becomes 105.3 mm when it is diluted and temperature raised 

3. The Van’t Hoff factor for a solute which does not dissociate to 25°C. The extent of dilution is 
or associate in solution is (1) 8 times (2)Stimes (3)4times (4) 2 times 
(1) 0 (2) 2 (3) 3 (4) 1 8. The osmotic pressure of a solution containing 40 g of solute 

4. Compound PdCl,.6H,O is a hydrated complex; 1 m aqueous (molecular mass 246) per litre at 27°C is (R = 0.0822 atm 
solution of it has freezing point 269.28 K. Assuming L mol!) 

(1)3.0atm (2)4.0atm (3) 2.0 atm (4) 1.0 atm 
| a | | 
JEE MAIN (4) n-heptane shows positive deviation while ethanol shows 

negative deviation from Raoult’s law 
Single Correct Answer Type (AIEEE 2009) 


3. A solution containing 2.675 g of CoCl,.6NH, (molar mass 
= 267.5 g/mol) is passed through a cation exchanger. The 
chloride ions obtained in solution were treated with excess of 
AgNO, to give 4.78 g of AgCl (molar mass = 143.5 g/mol). 
The forniula of the complex is (atomic mass of Ag = 108 u) 


L Two liquids X and Y form an ideal solution at 300 K, vapor 
pressure of the solution containing | mol of X and 3 mol of 
Y is 550 mm Hg. At the same temperature, if | mol of Y is 
further added to this solution, vapor pressure of the solution 
increases by 100 mm Hg. Vapor pressure (in mm Hg) of X 


and Y in their pure states will be, respectively (1) [Co(NH,),ICl, (2) [CoCl,(NH,),]Cl 
(1) 200 and 300 (2) 300 and 400 (3) [CoCl,(NH,),1 (4) [CoCl(NH,)sICI, 
(3) 400 and 600 (4) 500 and 600 (AIEEE 2010) 
(AIEEE 2009) 4, If sodium, sulphate is considered to be completely 
D; E tes o ni a dissociated into cations and anions in aqueous solution, 
binary liquid solution is prepared by mixing ” heptane an the change in freezing point of water (AT), when 0.01 


ethan ; 7 ‘no statements is correct S . 

sets Which one of the following aea mole of sodium sulphate is dissolved in 1 kg of water is 
1 d h ' , rd 
ng the behavior of the solution: (K, = 1.86 K.kg/mol) 


(1) The solution formed is an ideal solution 


(2) The solution is non-ideal, showing positive deviation (1) 0.0372 K (2) 0.0558 K 
; from Raoult’s law o (3) 0.0744 K (4) 0.0186 K 
| (3) The solution is non-ideal showing negative deviation (AIEEE 2010) 


from Raoult’ s law 


| 
= 
ee) 
va 
SA 


(4) 946% n~ 


mm, 
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5. Ethylene glycol is used as an antifreeze in a cold ra (JEE Main | 
Mass of ethylene glycol which should pe ~ i (K, fot 13. For 1 molal aqueous solution of the following w Dy 
` i —6°C wi . ; : : À 
water to prevent it from T p of eltiviene aly sdl which one will show the highest freezing point ? g 
water = 1.86 K.kg/mol and molar mass (1) [Co(H,O),ClICI,-H,0 


= 62 g/mol) (2) [Co(H,O),C1,]C1.2H,0 
(1) 804.32 g (2) 204.30 g (3) [Co(H,O),C1,].3H,0 
(3) 400.00 g (4) 304.60g (AIEEE 2011) (4) [Co(H,0),ICI, (JEE Main 2 


6. The degree of dissociation (@) of a weak electrolyte A,B, 1s er 
related to van’t Hoff factor (i) by the expression 


Single Correct Answer Type 


a i-] 7 . 
(1) a=——— (2) a=—— i 1. Henry’s law constant for the solubility of nitrogen ga 
(x+v-!1) x+y+ . | 5 Th Si 
a water at 298 K is 1.0 x 10° atm. The mole fraction f 
3) a=% +y-l ay: ac x+y+l nitrogen in air is 0.8. The number of moles of nitrogen fron 
(3) a= i=j i—l air dissolved in 10 mol of water at 298 K and 5 atm Dressy, 
(AIEEE 2011) is 
-_ : _4 x 
7. A 5% solution of cane sugar (molar mass = 342) is isotonic (A0 A à K K r ; ei ya 
with 1% of a solution of a known solute. The molar mass (3) 5.0 x 10 atm (4) 4. os 
of unknown solute in g/mol is . (I T-JEE 2009) 
(1) 136.2 (2) 171.2 2. The freezing point (°C) of a solution containing 0.1 g 
(3) 68.4 (4) 34.2 (AIEEE 2011) K,[Fe(CN)¢] Gnaleonlai weight 329) in 100 g of wie 
$. The molality of a urea solution in which 0.0100 g of urea, (K= 1.86 K kg mol”). tone 2011) 
[(NH.),CO] is added to 0.3000 dm? of water at STP is (1) 2.3 x 102 (2) 5.7 x 107 , 
(1) 0.555 m (2) 5.55x 104m (3)5.7* 107 | | (4) —1.20 x 107 | 
3) 33.3 (4) 3.33 x 10? m 3. Fora dilute solution containing 2.5 g of a non-volatile nor 
a . (AIEEE 2011) electrolyte solute in 100 g of water, the elevation in boili: 
| . point at 1 atm pressure is 2°C. Assuming concentration i 
9. Consider the separate solution of 0.500 M a solute is much lower than the concentration of solvent. ù 
0.100 M Mg,(PO,),(aq.). 0.250 M KBr(aq.) and 0. vapour pressure (mm of Hg) of the solution is (take K = 
Na,PO,(aq.) at 25°C. Which statement is true about these i K kg mol) 
solutions, assuming all salts to be strong electrolytes? (1) 724 (2) 740 (3) 736 (4) 718 
(1) They all have same osmotic pressure (IIT-JEE 20) 
(2) 0.100 M Mg,(PO,),(aq.) has the highest osmotic pres- 4. The vapour pressure of acetone at 20°C is 185 seri 
pei 1.2 g of a non-volatile substance was dissolved in g? 
(3) 0.125 M Na,PO,(aq.) has the highest osmotic pressure acetone at 20°C, its vapour pressure was 183 torr. The mol! 
(4) 0.5000 M C,H.OH(aq.) has the highest osmotic pres- mass (g mol!) of the substance is: 
sure (JEE Main 2014) J 4) 488 
a. (1) 32 (2) 64 (3) 128 ( ed 2085 
10. The vapour pressure of acetone at 20°C is 185 torr. When (JEE Advanced - 


1.2 g of a non-volatile substances was dissolved in 100 g pol 


ater ar. The additio 
of acetone at 20°C, its vapour pressure was 183 torr. The 5. Pure water freezes at 273 K and | bar 


, ses the fee 
molar mass (g mol`!) of the substance is: 34.5 g of ethanol to 500 g of water chants ~ resit 
(1) 32 (2) 64 point of the solution. Use the freezing point dep + 
(3) 128 (4) 488 (JEE Main 2015) constant of water as 2 K kg mol !. The figure shown bè 


a a 
11. 18 g glucose (C,H,,O,) is added to 178.2 g water. The represents plots of vapour pressure (V.P.) versus temper 
vapour pressure of water (in torr) for this aqueous solution 


i (T). [Molecular weight of ethanol is 46 g mol '] seint 
(1) 759.0 (2) 7.6 Among the following, the option representing chang 
(3) 76.0 (4) 752.4 freezing point is - 
(JEE Main 2016) 
12. The freezing point of benzene decreases by 0.45°C when 
0.2 g of acetic acid is added to 20 g of benzene. If acetic acid 
associates to form a dimer in benzene, percentage association 
of acetic acid in benzene will be: 
(K, for benzene = 5.12 K kg mol!) 
(1) 64.6% (2) 80.4% 


| fe 


0) Water + Ethanol 


— 
— 


3) 


V.P./bar 


(4) 


(JEE Advanced 2017) 


Multiple Correct Answers Type 


1. 


t 


- For a solution formed by mixing liquids L 


Benzene and naphthalene form an ideal solution at room 
temperature. For this process, the true statement(s) is(are) 


(1) AG is positive 
(2) AS stem 1S positive 
(3) BS rondt =0 
(4) AH =0 
(JEE Advanced 2013) 


. Mixture(s) showing positive deviation from Raoult’s law at 


35°C is (are) 
(1) carbon tetrachloride + methanol 
(2) carbon disulphide + acetone 
(3) benzene + toluene 
(4) phenol + aniline 

(JEE Advanced 2016) 
and M, the 
vapour pressure of L plotted against the mole fraction of M 
in solution is shown in the following figure. Here x, and 
XyTepresent mole fractions of L and M, respectively, in the 
solution, The correct staternent(s) applicable to this system 
IS (are) 


— , _ Solutions 


a oe l o 2.91 

(1) The point Z represents vapour pressure of pure liquid 
M and Raoult’s law is obeyed from x, =0 tox, =l 

(2) Attractive intermolecular interactions between L-L in 
pure liquid L and M—M in pure liquid M are stronger 
than those between /—M when mixed in solution 

(3) The point Z represents vapour pressure of pure liquid 
M and Raoult’s law is obeyed when x, — 0 

(4) The point Z represents vapour pressure of pure liquid 
L and Raoult’s law is obeyed when x, — | 


(JEE Advanced 2017) 


Numerical Value Type 


l. 


MX, dissociates into M2* and XÊ ion in an aqueous 
solution, with a degree of dissociation (4) of 0.5. The ratio 
of the observed depression of freezing point of the aqueous 
solution to the value of the depression of freezing point in 
absence of ionic dissociation is 


(JEE Advanced, 2914) 
Liquids A and B form ideal solution over the entire range of 
composition. At temperature 7, equimolar binary solution 
of liquids A and B has vapour pressure 45 Torr. At the same 
temperature, a new solution of 4 and B having mole fractions 
x, and xp, respectively, has vapour pressure of 22.5 Tor. 
value of x ,/x, in the new solution is 
(given that the vapour pressure of pure liquid 4 is 20 Torr 
at temperature 7) 

(JEE Advanced 2018) 

The plot given below shows P—T curves (where P ts the 
pressure and 7 is the temperature) for two solvents X and 
Y and isomolal solutions of NaCl in these solvents. NaCl 
completely dissociates in both the solvents. 


t. solvent t 
_ solution of NaCl in solvent Y 
3. solvent } 


4. solution of NaCl in soltunor } 


Pressure (mm Hg) a 


/ 


oa] 


Temperature (K) 
On addition of equal number of moles of a non-volatile 
solute S in equal amount (in kg) of these solvents, the 
elevation of boiling point of solvent Ù is three times that 
of solvent Y. Solute Sis known to undergo dumenzation in 
these solvents. Ifthe degree of dimerization ts 0.7 in solvent 
Y, the dgree of dimerization in solvent Uis 


(JEE Advanced 2018) 
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Electrochemistry 


_ 
é OVERVIEW 


Fae tet Adad A S a 


1 Electrochemical or galvanic or voltaic cell: It is a device in 

| which chemical energy is converted into electrical energy. In 
this cell, a redox reaction is carried out in an indirect manner 
and the decrease in free energy during the chemical process 
appears as electrical energy. 
The common galvanic cell, dry cell, and the lead storage 
battery are the devices for converting chemical energy into 
electrical energy. 

_ Daniell cell: It is a typical example of galvanic cell. It 
consists of two half cells, one containing Zn electrode in 
ZnSO, (1 M) solution and the other containing Cu electrode 
in CuSO, (1 M) solution. 


Zn electrode acts as anode and oxidation occurs at 
this electrode (Zn ——>. Zn** + 2e7). Cu electrode 
acts as cathode and reduction occurs at this electrode 


to 


(Cu™ + 2e —> Cu). When two half cells are connected — 


with a salt bridge and electrodes are joined by a wire 
externally, electrons from Zn electrodes (negative electrode) 
move towards Cu electrodes (positive electrode), and the 
current flows from cathode to anode. The cell reaction is: 
Zn(s) + Cu**(aq) —> Zn? (aq) + Cu(s) 

3. Salt bridge: It contains a paste of an inert electrolyte such as 
KCI, KNO,, K,SO,, or NH,NO, with agar-agar and gelatin. 
It allows the flow of current by completing the circuit and 


maintains electrical neutrality. It also prevents liquid—liquid 
Junction potential. 


- Electrode potential: When a metal is placed in a solution 
of its ions, it acquires either a positive or negative charge 
with respect to the solution. On account of this a definite 
potential is developed between the metal and the solution. 
This potential difference is called electrode potential. It 
depends on the nature of electrode, concentration of ions, 
and temperature. 

- Oxidation potential: It is the tendency of an electrode to 
get oxidized, i.e., to lose electrons. 

M—> M"* + ne 

- Reduction potential: It is the tendency of an electrode to 

Set reduced, i.e., to accept electrons. 
Mt + ne-—>» M 


Ts 


10. 


11. 


Standard electrode potential: The potential difference 
developed between metal electrode and the solution of its 
ions of unit molarity (1 M) at 25°C (278 K) is called standard 
electrode potential. 


_ EMF: It is the difference in the potential across left and 


right electrodes due to which electrons flow from anode to 
cathode. 


_ Standard EMF: The EMF values of an electrode 


under standard conditions (1 atm, 298 K) and the unit 
concentrations of its ions is called as standard EMF and is 
denoted by E® e1: 


Reference electrode: The potential of an individual half 
cell cannot be measured but the difference in the potential 
of two half cells can be measured experimentally. It is, 
therefore, necessary to couple the electrodes with another 
electrode whose potential is known. This electrode is termed 
as reference electrode. 


SHE or NHE: A half cell called standard or normal 
hydrogen electrode as the reference electrode is assigned 
a zero potential at all temperatures corresponding to the 
equation: 


H®(aq) + e — 5 Hole) 


It consists of a platinum electrode coated with platinum 
black dipped in acidic solution at unit concentration and 
H, gas at 1 atm pressure, and is bubbled through it at 
298 K. This is termed as SHE or NHE. It is reversible with 
respect to H® ions. It is represented as 


Pt(s) | H,(g) (1 bar) | H®(1 M) 
EO (g)| 28 = E?e | Hig) = 9-0 V at 298 K 


. E” ii In electrochemical cell, anode is the electrode with 


higher oxidation potential or lower reduction potential and 
cathode is vice-versa. Also. 


© = (FO = 
a. E cell (E ad) eao (ES bed) acide 


or 
b. E9 cell — (E9 didn E E E 
or 
(©) = FO (©) 
c. E cell E ia? E red 


Y 


3.2 Physical Chemist - 
; : cell it does work, i.e., electrical work. Sige 
nFE 


13. Electrochemical series: When electrodes (metals or non- > 
| -W stectrical gag 


metals) in contact with their i 
AG = -nF Een 


ons are arranged on the basis 
s and products are in their standar 4 m í 
e 


l or standard oxidation 


of their standard reduction potentia i E 
potential, the resulting series is called the electrochemical b. If reactant 
l . = rO ; 

series of the elements. It is used AG® = -nF E” sen i 
. iti i iti ions occur a 
a. To compare the relative activities of metals. c. If Een i peer reactio S Spontaneously ` l 
‘aed . irection. et 
b. To compare relative oxidizing and reducing powers. forwar | . | 
and d. If E, is negative, reaction occurs spontaneously ;, 7 
the 


reverse direction. 
e. Ifacell reaction is reversed, E. changes sign, 
Relationship between E? en and Keq 


AG® is related to thermodynamic equilibrium con T 
4 


c. In the determination of pH of the solution, Kp Kog 
for potentiometric titrations. 
14. Cell diagrams and terminology TA | 
Consider a Daniell cell with the following cell reaction: 
Zn(s) + Cu2*(aq) —> Zn?*(aq) + Cu(s) 
Anode Cathode 


Reaction — - 
Oxidation takes place Reduction takes place 


Zn(s) > Zn? (aq) + 2e Cu? (aq) + 2e > Cu(s) 
In standard state, at 25°C, 


“Terminal | Negative | Positive | 
-eee Pol ha SRT 2303x8.3143 TK- mol"! 298. 12K 
Zn®|Zn?*(aq) | Cuq | Cu F 96500 C 

= (0.0591 , 


by equation 
AG® = -2.303RT log Keq (i) 
AG® = —2.303RT log Kyq = MFE? cet 
_ 2.303RT 
cell nF 


log Keg 


Complete cell diagram has a salt bridge, represented by a 
double vertical li 0.0591 

ouble ve ica met I) o E2 = log Ke fa 
Zn | Zn?*(aq) || Cu-*(aq) | Cu = n 
a. Electrodes are at the extreme corners. 17. Relation between standard potentials of half cells 
b. If the oxidized or reduced part is a gas, use Pt electrode containing a metal in different oxidation states: If tw 

saturated with that gas. half reactions having potentials Z©, and £®, are combined 
Thus, for anode (oxidation half cell) with reactions to give a half reaction having a potential £°,, then 
i. H,(g) —> 2H®(aq) + 2e- Pt(H,) | H®(aq) AG,° = AG,° + AG,° 
-n,FE®, = -n FE ° —n,FE,° 


ii. 2CI°(aq) —> Cl(aq) + 2e” — Pt(Cl,) | Cl(aq) 


For cathode (reduction half cell) with reactions n,E,° = n E ° + m E,9 


i. 2H®(aq) + 2 —> H, (g) H®(aq) | Pt(H,) ree nE? + ny E? ) 
ii. CL(g) + 2e —> 2C1°(aq) — C1®(aq) | Pt(Cl,) 3 n 7 


If equal number of electrons are involved, then 


c. How to apply the terms cathode and anode to an 
electrolysis cell. E° = E © + E,© (ü) 
Regardless whether a cell is a voltaic or an electrolysis 18. Nernst equation 
cell, the anode is the electrode at which reduction For th : f N 
occurs. The cathode is the electrode at which reduction K re cC + dD 
c d i 
occurs. Reaction quotient K = [C] [D] „(i 
ee Voltaic cell Electrolysis cell [A}"[B] 
went and AG = AG©® (i) 
Anode Oxidation Oxidation also AG hes lads 
degat (-) poata ii = -nFE ei AG® = -nFE® xe 
terminal terminal Hence, -nF Ece = NFES en + 2.303RT log K 
Cathode Reduction Reduction E = Fo . _ 2:303RT _ iil) 
positive (+) negative (-) cell cell ~ log K 7 
terminal terminal This is called Nernst equation. 
15. Electrical work, AG®, and spontaneous change At 25°C, eee = 0.0591 | 
AG represents the maximum amount of useful work that a F 
constant pressure process can perform. Ei) = E a- 0591 log wi) | 
AG=-W__. (useful) 
max 
ne Hou spontaneous ities AGO aid were E Here, n is the number of mol of electrons exchanged cel! 
system is negative. When a reaction occurs in a voltaic Concentration cells and liquid junction poten tial ae 
if two electrolytic solutions of different concentratio” 


d 


each other, a potential difference develops 
dary of two solutions. It is called liquid 
or diffusion potential. 

tential is minimized in concentration 


a contact with 
e boun 


act tential 


(i) | junction po : 
, Liquid junction po 

cells (described below). 
| it bridge is placed between two half cells. This salt 
th ' p dge contains agar-agar paste with NH 4NO,, KNO,, 
r KCl as conducting electrolytes. KCI is not used when 
th 0 


electrode is made of Ag. 
, [f salt bridge is removed, the potential falls to zero. 
Concentration cell in which electrode is reversible with 
a j respect to cation (electrolytic concentration cell) 


Zn | Zn?*(c,) || Zn%* (c3) | Zn 


| At LHS half cell 
Zn —> Zn**(c,) + 2e; ES ug 0.76 V 


At RHS half cell: 
Zn**(c,) + 2e-—> Zn; E® ea =— 0.76 V 


Net reaction: Zn?*(c,) —> Zn**(c,); EP cen = —0.00 V 


Zp 0.0591 pg { £ | | For concentration 
Fog = © cel 2 c, j | cell, E° = 0 


0.0591, c 


log = 
c 
Cell reaction is spontaneous or exergonic (AG = —ve) in 
forward direction if 


[Zi hne) > za ka (c,) 
b. Concentration cell in which electrode is reversible 
with respect to anion 


Pt, CL,(g)(1 atm) | C1°(c,) || C12(c,) | Cl,(g)c atm), Pt 


å 
For such cases, cell reaction is spontaneous or exergonic 
(AG = ~ve) in forward direction if eT 
¢ 
Pt H(g)(1 atm) | H8(c,) || H®(c,) | H (g)(1 atm), Pt 


0, TA 
Ea > ~ -a log a AG) 
2 H® (c2) 
J was? (PH athode >P anode) 
cel] ieee when c, >c, or pH, > pH, and AG =-ve. 
Is, the cell is exergonic or spontaneous. 


* Electr 
od r 
© concentration cell: In these cells, identical 


electrod ’ 

es 

solutio at different concentrations are dipped in the same 
n of the electrolyte, 


For example: 


21 


)Pt H 
(8) (p,) | HCI (1 M) | H,(g) (pz), Pt 
Ea = po 0.059 Pa 
2 


G = ve). 


Electrochemistry 3.3 


For example, 


(ii) Pt, Cl,(g)@,) | CIP. M) | C18), P2) Pt o 
itive, i j neou 

E „ņ is positive, if P, > p, and cell 1s sponta 

feasible or exergonic (AG = —ve). tic 
Concentration cell formed by coupling the electroly 


concentration cell and electrode concentration cell. 
For example, 
Pt, H,(p, atm) | H® (M,) || H? (M) | H, (2 atm), Pt 
_ 0.059 lo (p2): [HP (M; Ya 
(p,), [H° (Mie 


] c 
-0.059 (on. -pH,) -7 log (ea) 


cell E 2 


] an 
= 0.059| (pH, — pH.) + — log —* 
(o , ~ PH,) 5 eR 


22. Determination of thermodynamic data 
a. AG = -nFE ej] 


Using Gibbs—Helmholtz equation 


AG = an +7( 202) (i) 
dT Jp 


CE cet) 
—nFE ell = AH —nFT (Za) 


Cc 


Temperature coefficient of the EMF of the cell can be 


determined. 
(=a) _ AH +nFE on 
aT Jp RFT 
( Ha) _ AH | Eon 
dT JP nFT T 
b. Enthalpy change can be determined. 


AH = -nFE,,, + nFT (=a) 
dT Jy 


-nF ce -T (Za ) 
dT Jp 


Entropy change can be determined. 
AG = AH-TAS 
Comparing the above equation with Eq. (i), we get 


ies a 
dT Jp 


d 
= (£ (nF Ezen )) 


nr (Ea ) 
dT Jp 


23. Determination of equilibrium constant 
At equilibrium, Æ e = 0.00 V 
0.0591 


II 


i EO ell = log Keg 


cell 


E 
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24. 


Equilibrium constants involving complex 10ns have been 


evaluated, €.g.. Ag® + 2NH, —> [Ag(N H,),]° 
Determination of solubility product 
a. Solubility products of sparingly soluble sa 
evaluated from EMF measurements. Suppose we want to 
determine K of AgX(s). Its saturated solution is placed 
in Ag electrode in Ag® ion. 
Ag | Ag® saturated AgX(aq) || Ag® (c) | Ag 
Its Ey ÍS measured. 
Ag—— Ag® (in saturated AgX) + € 


Its have been 


$$ 


c i 
= 0+ 0.0591 log N| 
[Ag] | 


Hence, [Ag®] in LHS is evaluated. 
Thus, K = [Ag®] [X°] = [Ag*P 


b. If E° of XO | AgX, Ag (half cell) is given the K 


can be evaluated using equation po 


fl 
H 
M 


0.0591 - 
——- log Ko = fe XOIA ~ £9 
n = (X [ABX AB) (A8® | Ag 


= FO uc s 

á XO Jax, AB) E agla “iy 
Ag(s) R Ag®(aq) te ES it = F9 i 
AgX(s) + e > Ag(s) + X°(aq); EO p= E9 À 


__ (XOJA 


E® =- 0.80 V _ - 
Ac® (ingi l E iii E° seii = EO (agl Ag®) ~ E? XO | AgX,Ag) 
g® (in given solution, c) + e —> Ag K. [Ag®] [X°] 
EO ,=+0.80 V qe 
E = 0.00 V 
0.0591 
Ag®(c) — Ag? (unknown) E~ cell 0.00 V = cell EH log Ky 
g — Ag? (unknown)] +, E® 4, = 0.0591 log K; 
K . _ 
[Ag*(c)] . Bag ng) + EO jagrag 7 0-0591 log K, 
E = Eset — 0.0591 log ÊS- Note: Equation (i) is to be used when a half cell contains 
j electrolyte in saturated solution. 
25. Various types of half cells 
S. No. Type Example Reduction half Reversible E sei 
| cell reaction to 
1. Metal-metalin  Ag®(ag)/Ag(s) AgP(aq)te—>Ag) | Ag®ion | E= Eun be 
half cell | = 1 [Ag] 
Es ie | 
2. Gas-ion half cell | H®(aq)\H ®aq)+e— - : ATE. 
(aq)|H,(g) (1 atm), Pt H®%aq)+e—> > H(8) | Hion E= 0- los e] 


| | ee (1 atm) or Eu, = —0.059 pH 
© l - | 
| Cl°(aq)|CL,(g) (1 iii Pt 7 Cela) + e@—> CI%aq) | Cl ion | E= E®—0.059 log [C19] 
7 ee NTE ne 
3. Metal-insoluble Cl°(aq)|AgCl(s), Ag AgCl(s)+e > Ag + Cl(aq) | Cl& ion | E= E® - 0.059 log [C19] 
salt anion half cell a 
+ = al 


5. 


. Calomel electrode 


Cla Hzg.C y 
half cell q)| 82 L(s), Hg(1) 


— j 


Mercury-mercurous| SO, (aq) | H 2,S0,(s), 


Hg(1) 


sulphate electrode 


(Hg-Hg, SO,) 
half cell 


Hg,Cl,(s) + 2e — 
2Hg (/) + 2CI°(aq) 


Hg,SO,(s) + 2e— 


2Hg(1) + SO,? (aq) 


p = i = log (cry 
Esce = 9.24 V | Refer 
=0.268 V | Section 
=0.338 | 3.10(c) 


Ence 


EDNCE 


SO,? ion) £= Ee 2 (SOs | 
. | 


po _, = 0.616 V (wzt. SHE) 


— 


Electrochemistry 3.5 
pe. 


SO, ion |E= E°- 


- 0.059 - 
log[SO; J 
e mercuric SO,” (aq) | HgSO,(s),Hg(1) [neso + 7 ge 5 g[SO4 
fs Me” Hg(1) + SO,” (aq) 
| sulph? 
| He HeS°s 
| ee 
half oe — $ - ae oe 9.059 i 
p. ® inhyd ® ; f= O a jog——_— 
f cuinhydrone H®(aq) | Quinhydrone, Pt O=(_)=0+ 2p% oe H® ion E=E 3 Hrg 
palf oel e 
| 
| HoO~O)-on E = F© — 0.059 pH 
| Or p 
| Ee o) * 0.7 V 
Q + 2H® + 2e- —> HQ (Q,2H® | HQ) 
——— aa | 


i Rinne tans 
I E PERE 5 : | 


a Sote: Iti is combined with SCE to form a cell as: 
yg, Hg;Cl,(9), KC! (saturated solution) || H® (x M) Q, QH, | Pt 
EQ. 2H® | Hy) = E? Q, 2H | n,Q) ~ 9-059 pH =0.7 V — 0.059 pH 
Esce = 0:24 V 
Ea) = Eome 11,0) ~ Esce = (0.7 V — 0.059 pH) ~ (0.24 V) 


07-024- Econ i 
pH 9) 959 
y ee, a 
OH (aq)/Hg0, Hg(1 : OH ion | E= Fey -2 959 og GHP 
8. Metal-metal (aq)/HgO, Hg(1) HgO(s) + H,O + 2e°—> OH ion B= a = ee 
i © 
hydroxide half cell 20H (aq) + Hg(1) 
a 3+ 5 D i oat o aie | | i [Fe**] 
9, Oxidation-reduction | Fe**, Fe** | Pt | Fe**(aq) + e —> Fe?*(aq) | Fe2* and E= E° -0.059log = 
half cell | Fe3+ ion [Fe™] 
10. The glass electrode | 0.1 M HCI; Pt | Glass _ H®(aq) + e@7 —> 5 Ha) H® ion Eg E? c — 0.059 log S] | 
| or | 
| Eg = E®, — 0.059 pH 


Note: If it is combined with SCE to form a cell as: 
Pt, 0.1 M HCI | Glass | Experimental solution | KCl (saturated solution), Hg,Cl,, Hg]; Eco, = 0.24 V 

Esel = Ecce — Eg 

=0.24 V —(E°, — 0.059 pH) 
_ oH = Een ~0.24+ E? 
0.059 

Ag—AgCl, Hg—H,SO,, Hg—HgSO, and calomel electrode are secondary reference electrodes. 

Se el 


26. Electrolysis b. General rules of electrolysis of aqueous solutions using 
a. Electrolysis: Nonspontaneous chemical change inert electrode (Y indicates that the oxidation/reduction | 
Wice celtreaction in a volaie cdi is reversed by will occur and * indicates that the oxidation/reduction will 
reversing the direction of the electron flow, the voltaic iij aiaei) l l 
cell changes into an electrolysis cell. Thus, for a voltaic i (V) Reduction potential of H,O > (x) Reduction 
cell, if potential of cations of 1, 2, and 13 groups of periodic | 


table, e.g., Na®, K®, Ca?*, Mg?*, AI*, etc. So reduction 


Zn(s) + Cu?+(aq) —> Zn? (aq) + Cu(s); of H,O occurs at cathode. 


EB? 24 = +110 V ii. (*) Reduction potential of H,O < (Y) Reduction 

potential of other cations (than cations of 1, 2, and 

Zn?*(aq) + Cu(s) —> Zn(s) + Cu?" (ag); 13 group), e.g., Cu?™*, Ag®, Au?*, Cd?+, Zn?+, etc. So 
Be = 1,10 V reduction of H,O does not occur at cathode. 


Then, for an electrolysis cell, 
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Note: 


iii. (^A Oxidation potential of H OA) oxidation potential 


of F®, S0,™. SO ¿2 NO39, S,0,%, ete. 
So oxidation of H,O occurs at anode. 
iv. (*) Oxidation potential of H,O < (v) oxidation potential 
of C18, Br®, IO, ete. 
So oxidation of these ions occurs at anode. 


oxidation potential of H,O > oxidation 
oxidized in preference 


f over potential of O,, 


i. Although the 
potential of CI“, so H,O should get 
to Cl(aq). However on account 0 
oxidation of Cl® to Cl, is preferred at anode 
ns move towards cathode and 
de and the “chance” of their 
de potential, 


ii. In electrolysis, catio 

anions move towards ano 

deposition/liberation depends on their electro 

concentration, over potential, etc. 

c. Sign convention used in electrolysis: Regardless of 

whether a cell is a voltaic cell or an electrolysis cell, 

» The anode is the electrode at which oxidation takes 
It is the positive (+) terminal. 

- The cathode is the electrode at which reduction takes 
place. It is the negative (—) terminal. 

d. Preferential discharge theory: If more than one type of 

ion is attracted towards a particular electrode, then the ion 

discharged is the one which requires least energy. 

The decreasing order of the discharge potential or the 

increasing order of deposition for the cations and anions is 

as follows: 

Cations: K®, Na®, Ca?*, Mg?*, Al*, Zn”, H®, Cu2*, Ag®, 

An” 


place. 


e 
Anions: $O,2,NO;°, OH, CI, Br®, 1° 
e. Faraday’s law of electrolysis 


i. First law of electrolysis: The amount of chemical change 
produced is proportional to the quantity of electric 
charge passing through an electrolysis cell. Greater the 
number of mole of electrons transferred, the greater the 
mass of the products. An equivalent of a substance is 
associated with 1 mol of electrons in half reaction. 
Anode (oxidation): 


l ] 
7 H,0 —> 7 O2(8) + HÊ? (aq) + e 


Cathode (reduction): 
] 


2+ - J 
a (aq) te —— 3 Cu(s) 


From these half equations we would define one 
(arcera Amical equivalent as equal to 0.5 mol H,O 
1 mol HÊ, 0.5 mol Cu**, and 0.5 mol Cu(s). Thus tlie 


passage of 1 mol electrons through the electrolysis cell 


will deposit 0.5 mol of Cu at the cathode. 
Current (C/s) x Time (s) = Charge (C) 


' 2Fe(s) + 0,(g) + 4H®(aq) ) 2Fe2*(aq) + 2H,0() F 


2Fe2* l aal 
e (aq) + 2H,O(1) + 397 (g) ; Fe,0;(s) + 4H 


| 


w =zlt= Zc 
where w is the weight of the metal depositey | 
liberated due to passage of current J am y | 


i seconds, and Z the electrochemical equivalent Re | 
B 


defined by the equation. 
Aw 


_ 
a Electrons exchanged x 96500 


| F = 96500 C 

Ag? +e — AB 

Cu2t + 2e —> Cu 

At +3e—— Al 

Thus, 1 Faraday (96500 C) of electricity will Produce 
nt each of Ag, Cu, and Al at cathode é 


1 g equivale 
0.5 mol of Cu, and 0.33 mol of Al, 


1 mol of Ag, 

Second law of electrolysis: A given quantity of electrics 

produces the same number of equivalents of an, 

substance on electrolysis. i 
Weight of metal A _ Equivalent weight of A 

| Weight of metal B ~ Equivalent weight of B 


Faraday’s first and second law can be combined to giv 


a mathematical relation as follows: 
Ew Q 
F 


iji. 


where z is valency of metal, w is the weight of substance 
deposited/liberated, Z is the electrochemical equivaler. 
Ew is equivalent weight, Aw is the atomic weight, [s 
the current, and ¢ is time in seconds. 


27. Corrosion 


Corrosion is slowly coating the metallic surfaces with oxid 
or other salts of the metal. Corrosion of iron is called rusting 
In corrosion, a metal is oxidized by the loss of electrons to0, 
and oxides are formed. It is a electrochemical phenomeno? 
For example, at a particular spot of iron, oxidation occu" 
and that spot behaves as anode. 


Anode: 2Fe(s)—> 2Fe?* + 4e; EO fe2ti Fey = 04V 
3 (Fe~" | Fe) 
resent? 


Electrons released at anodic spot reduces O, in p 


of H® at another spot. The H® ions are obtaine 
H,CO, 
(CO, + H,O —> H,CO,). 
Cathode: O,(g) + 4H®(aq) + 4e —> 2H,0) 
gf BN 
E? uè | 0,8,0) l 
Overall reaction: 


—1.61 
T T 16 


2 2 
Fe** are further oxidized by atmospheric O; t0 fom” 
(Fe,0,-x H,O). 


(a) Atmospheric oxidation 


Ri 


) 


À 


g 
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mO TOs hO (Ros) 


pre vention of corrosion 
w covering the surface of metal with paint or by 
y 
" pisphenol. 
B covering the surface by other metals (Sn, Zn, etc.) 
ii. a are inert or react to save the object. 
sacrificial protection by more reactive metals (such as 
i Mg, Zn, etc.) which corrode themselves but save the 
object. 


Conductance of electrolytic solution 
Potential difference (£) 
Current (7) 

Volts 
Amperes 


Resistance (R) = 


i.e. ohm (Q) = 


SI units of ohm = (kg m)/(S3A2) 


_ Conductance (G) = — 


=a 


units = ohm”! or mho or siemens (S) or 11. 


l 
c Rx — or R= p—, where / = length of the conductor, 
a a 


a = area of cross section of conductor, and p (rho) = 
resistivity (or specific resistance). 


Units of p = Rx? = ohm-cm or ohm m in SI units. 


(1 ohm-m = 100 ohm-cm) 
d. Cell constant: (G*) (cm~! or m~!) (SI units) 


.. K= Conductance x cell constant 
k= G x G* (ohm! cm! or S cm! or S m?!) 

(SI units) 
(1Scm! =100S m`!) 


- Specific conductance (or conductivity) x (Kappa) 


sl ü (si r -) 

7 oe nce R=p— 
R ol i a 

= KX— 

LOE cm! or S cm! or S m™ (SI units) 
p 


Equivalent conductivity Uie 


Ag = Specific conductance (or conductivity) ~ LV ton 
containing 1 g equivalent of electrolyte) (A47 K, * Y) 


| (cm? L’) 
ee LIW = ohm om! x eee 
N (gram equivalent L ) 


= ohm~! cm? eq”! 
= S cm? eq 
= S m? eq 1 (SI units) 


In terms of SI units: 
kK(Sm') 


2 eg!) = = 
Neg (Smeg ) N (gram equivalent m ?) 


Note: There is no multiplication with 1000. 


(1 S m? eq! = 104 S cm? eq'). 


. Molar conductivity (^ p) 


A,, = Specific conductance (or conductivity) * (Volution 
containing | mol of electrolyte) (A,, = K, * VY) 


L 
or AL = = -_ = ohm cm”! x Cul) ) 


m 


(mol L j 
= ohm cm? mol! 
= § cm? mot! 
= § m? mol”! (SI units) 

(1 S m? mol! = 104 S cm? mol!) 

In terms of SI units: 

K (S m`! ) 


A. (S m? mol!) = ———— 
m ( M (mol m~?) 


Note: There is no multiplication with 1000. 
h. Relation between A, and A, a: 


DD "i Total charge of cation or anion 
= xX x x = x x 
Neg Ng * Ze Orn, * Zo Aa Ne * Le 
where ng and n. are number of positive and negative charge. 


Zo and Z, are the valency of positive and negative charges. 
respectively. 


Alternatively: 
Aeg M 
a = Ree ‘n’ factor 


i. Conductance (G), molar conductance (Ahn) and equivalent 


conductance (A,,) increase with dilution whereas specific 
conductance (or conductivity) (x) decreases with dilution. 


. A, (molar conductance of a strong electrolyte at 


concentration c) or A, ae (equivalent conductance of a strong 


electrolyte at concentration c) is given by Debye-HuckeL 
Onsager equation: 


ra = a B Avec 
Neg ~ Neg” 7 Ave 


where A is the constant that depends upon the nature of 
solvent and temperature. 


Thus, a plot of A „ versus Vc is liner with slope = —4 and 
a m, o 
intercept on y-axis is Ape- 


. Kohlraush law of independent migration of ions: The 


molar conductivity of an electrolyte at infinite dilution 
(A,,°) is the sum of the ionic conductivities of cations and 
anions each multiplied with the number of ions present in 
one formula unit of the electrolyte. Mathematically, 

E m (Ax By) = xA? (At) + yr? (B-*) 
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— 
e 


i Effec 


t of temperature and pressure on Mola, ai 


. *,* i . . as: 
In terms of equivalent conductivities, it is penal a 
The equivalent conductivity of an electrolyte i ne 
dilution (A,,°) is the sum of two values, one dep 
ilution (/\,q 


upon the cation and other upon the anion, 1.¢., 


Ag? (Ax By) = Meaty * Ma es Si 
h o is the limiting equivalent (or ionic) conductivity 
are the limiting equivalent 
tively, 


where A, a 
ofthe electrolyte and „° and À, dagean 
(or ionic) conductivities ofthe cation and anion, resp 
at infinite dilution. ats 
Degree of dissociation (a) of weak electroly 
concentration c is given by: 
~ c 
a= Dy or Neg 
AF Aa 
m eq 
For sparingly soluble salts such as, AgCI, PbL, and CaSQ,, 


tc. 
Kx 1000 | « x 1000 


An = An’ = G5 (solubility) 
x x 1000 
Aa 
Calculation of dissociation constant (K, or K,) of weak 
electrolyte is given by: 
K B ca? _ c (Ay, i _ c(A,°)? 
* (l-a) ge AI Ae Pee) 
Aa 


m 


Hence, S$ = 


. Determination of ionic product of water: 


© x 2 
K. =[H®] [OH] -| K x 1000 | 


ae (or Ap?) 


- Determination of degree of hydrolysis (h) ofa salt of strong 


acid and weak base (S AĘA/ Wp). 
K-K AnA 


my m2 


h= 
K3 ~ K2 An, ~ An, 


where A__, is molar conductivity of the hydrolysed solution; 


^ m2 18 the molar conductivity of unhydrolyzed solution of 
concentration, c; and 


A,,3 ÍS the molar conductivity of, HCI solution of 
concentration c. 


Knowing h, K, (hydrolysis constant) can be determined. 
ch? 


kK. = 
a ae 


Abnormally high conductivities of H® and OH ions: 
H® ion has highest ^m at any tempe 


1 rature followed by 
OH. This is due to proton 


jump from one wate : 
to another. ater molecule 


heron Oni, | 
conductivities: fu ea 
It increases with increase of temperature (about 2% 


rise in temperature) and decreases with increase Of pr iG 
because the viscosity of H,O decreases with temper, t 
and increases with pressure. i 
Transport or transference number: ( fon): The current fy , 
through an electrolyte solution is carried by iong 1% 
fraction of current carried by an ton 1s called its tansy, 
or transference number. 
Transport number of cation (tg) 

ee by Cation 


Pero 


Total current 


Transport number of anion (te) 
_ Current carried by anio i 
Total current 


Thus, 4, FE =L 
Effect of concentration and temperature on transport number 
With increase in concentration transport number decrease, 
Further, for (1 : 1) (uni-uni-valent) electrolyte, if tS > 0.5 
it decreases with increase of temperature till it approaches 
a value of 0.5. 
i. fo in HCl is less than that NaCl. 

Because f.» a Speed of the ion 


tuo = cre 
-+ 'C19 in HCI 
ü a tila 
H® cls 
u 
: _ cis 
and tcl in Nac] = PERY 
Na® c1® 


(where u, and u are speed of cation and anions. 
respectively) 


But HHO > HNa® 


because H® ion is much smaller in size than Na® ion] 


Hence . 
s fo inci < tco in NaCl: 


li. t i@ < ty: 


Li® ion is smaller in size than Na® jon, so it should 
have greater transport number than Na® ion. Bu! 
experimentally, it is observed to be reverse. 

This is because in solution Li® ion is much more hydrate! 
than Na® ion, Hence, its speed becomes less and transp? 
number of Li® becomes less than Na®. 


For the sa 
me i 


be GS Se O88 OEE EE —=*™S Prat 


3.1 INTRODUCTION 
3,1 INTRODUCTION 


Flectrochemistry is the branch of chemistry that deals with the 

tudy of the production of electricity from chemical energy released 
; ing spontaneous redox reactions and the use of electrical energy 
= ati about non-spontaneous chemical transformation. 


3,2 ELECTROCHEMICAL CELL 
poda a aaa 


A device used to convert chemical energy produced in a redox 
reaction into electrical energy is called an electrochemical cell or 
simply chemical cell. These are also called galvanic cells or voltaic 
cells, after the name of Luigi Galvani (1780) and Alessandro Volta 
(1800), respectively, who were the first to perform experiments on 
the conversion of chemical energy into electrical energy 


Redox reaction between Zn and CuSO, 
The reaction is represented as: 
Zn(s) + CuSO,(aq) —> ZnSO,(aq) + Cu(s) 
(or) 
Zn(s) + Cu**(aq) —> Zn**(aq) + Cu(s) 


This reaction is splitted into two half reactions as follows: 

Zn(s) —> Zn**(aq) + 2e (oxidation half reaction) 

Cu**(aq) + 2e —> Cu(s) (Reduction half reaction) 

The first reaction is called oxidation half reactions and 
the second is called the reduction half reaction and the reaction 
obtained by adding the two half reaction is called the overall 
reaction. 

A zinc rod is placed in ZnSO, solution taken in a beaker. A 
copper rod is placed in CuSO, solution taken in another beaker. 

Now, reaction takes place in either of the beakers and at the 
interface of the metal and its salt solution. In each beaker both the 
reduced and oxidized forms of the same species are present. These 
represent the species in the reduction and oxidation half reaction. 

A redox couple is defined as having together the oxidized 
and reduced forms of a substance taking part in an oxidation or a 
reduction half reaction. 

This is represented by separating the oxidized form from the 
reduced form by a vertical line or a slash representin g an interface 
(e.g., solid/solution). For example, in this experiment the two 
redox couples are represented as Zn2*/Zn and Cu?*/Cu. In both 
the cases the oxidized form is put before the reduced from. 

Now the two rods are connected by a wire and the two 
Solution are connected by a salf bridge (Fig. 3.1). Thus provides 
an electric contact between the solutions without allowing them 
to mix with each other. 


Salt bridge and its functions 
t is a U-tube containing a solutions of an inert electrolyte such 
as, KC], KNO,, K,SO,, or NH,NO, (ammonium nitrate) usually 
Solidified by boiling with agar-agar and gelatin and later cooling 
to a jelly-like substance. 
An inert electrolyte is one whose ions do not take part in 
the redox reaction and also do not react with the electrolyte used. 
e function of salt bridge is to allow the movement of ions from 


One solution to the other without mixing the two solutions. Thus, 
Whereas the electrons flow is the outer circuit in the wire, the inner 


b 


j i he other, 
circuit is completed by flow ofions from one solution to t 


through the salt bridge. 
i i t bridge are: 
The main functions of sal n 
nb: F 
To complete the electrical circuit by flow of pee pi 
outer circuit and by flow of ions from one solution to 
other without mixing of the two solutions. 


b. To maintain the electrical neutrality of both the anodic and 


cathodic compartment. 

For the smooth flow of current, the electrolyte in the 

salt bridge should be such that the mobility or transport 

number of the cation of the electrolyte should be equal to 
the mobility of the anion of the electrolyte. For amp 
in KCI electrolyte mobility of K® ion = mobility of Cl 
ion. Similarly in the KNO, electrolyte, mobility of K® ion 
= mobility of NO,° ion. 

d. Also, it should not react with the contents of either cathode 

or anode. If the salt bridge is not used in the cell, the current 
stops flowing. This is explained as: 
Electrons produced by zinc electrode flow toward the 
copper electrode and neutralizes some of the Cu** ions of 
the solution, leaving slightly greater concentration of SO ra 
ions, and the solution acquires a negative charge. At the 
same time, Zn** ions produced from zinc rod enter into the 
ZnSO, solution and thus give it a positive charge. Due to the 
accumulation of charges in the two solutions, further flow 
of electrons will stop and hence the current stops flowing. 


e. Liquid junction potential: It also prevents liquid-liquid 
junction potential. When two electrolytic solutions are 
directly in contact, ions move across the junction with 
different speed. As a result, a potential difference is set up 
at the junction. It is called liquid junction potential (LJP). 
The EMF of cell is thus the sum of reduction potential of 
one electrode, oxidation potential of second electrode. and 
the liquid junction potential. Thus, 

i E oxid i Ered = E; 

The salt bridge which contains the paste of KCI in which 

the mobility of KÊ and Cl° ions are almost equal and hence 

E; is taken as zero. 

When salt bridge is used, the current flows continuously. since 
the accumulation of charges in the two solutions is simultaneously 
neutralized by the flow of opposite ions from the salt bridge into 
the two solutions. 

The Zn and Cu rods are connected by a metallic wire with 
a provision for an ammeter/voltmeter and a switch. The setup, as 
shown in Fig. 3.1, is known as Daniell cell. 


eo> 
© Oee 
Anode mee Electron Current Cathode 
K loy flow a 
Zn rod—> SSS SSS SS SSS 


LE ji : Cu rod 


ity CuSO4 
e antanas solution 
ZnSOq ==> ee 
solution E2- Zn: 204 
=--- == -- solution 


Fig. 3.1 Daniell cell having electrodes of Zn and Cu dipping in the solutions 
of their respective salts 
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When the switch is in the off position, no reaction takes place 


in either of the breakers and no current flows though the metallic 


wire. As soon as the switch is in the on position, the current flows 


through the metallic wire. 
Some characteristics of the Daniell cell are as follows: 
a. The electrode at which oxidation takes place is called 
the anode (e.g., Zn electrode) and the electrode at which 
reduction takes place is called the cathode (e.g., Cu 


electrode). 

b. Anode is rich in electrons and forces these electrons into the 
external circuit and thus is designated as the negative pole. 
The cathode electrode requires electrons for the reduction 
of its ions into metal ( i.e., Cu 2* ions into Cu ). Thus, this 
electrode is deficient in electrons and withdraws electrons 
from the external circuit and therefore is designated as the 
positive pole. 

c. The electrons flow from the positive pole to the negative 
pole in the external circuit but conventionally the flow of 
current is represented in the opposite direction. 

d. Due to oxidation of metal into its ions (e.g., Zn to Zn* ions) 

at anode, the concentration of ions (Zn** ion) increases in 
the anode solution. Similarly, the reduction of ions to metals 
(e.g., Cu™ to Cu) at cathode, the concentration of Cu?* 
decreases and that of SO," ions increases in the cathode 
solution. 
Thus, the electrical neutrality is maintained in both the 
anodic and cathodic compartments by flow of opposite ions 
from the salt bridge, which completes the inner circuit as 
shown in Fig. 3.1. 

e. During the operation of cell, Zn dissolves to give Zn? ions. 
The weight of anode electrode (i.e., Zn) decreases, whereas 
the weight of cathode electrode (i.e., Cu) increases due to 
the reduction of Cu** ion to Cu and deposition of Cu on 
cathode. 

f. But note that the loss in the weight of Zn electrode is not 
equal to the gain in the weight of Cu electrode. But loss in 
the gram equivalent of Zn is equal to the gain in the gram 
equivalent of Cu. 

g. Daniell cell converts chemical energy liberated during the 
redox reaction to electrical energy and has an electrical 
potential equal to 1.1 V when the concentration or activity 
of Zn** and Cu? ions is unity (1 mol dm). 

Zn(s)+ Cu**(aq) —> Zn?*(aq) + Cu(s) 


Note: In a dilute solution, activity is equal to concentration. 


Such a device is called a galvanic or a voltaic cell. 


3.2.1 PORTABLE DANIELL CELL 


Daniell cell with salt bridge is not portable so a portable and 
popular form of the cell is made in which salt bridge is replaced by 
a porous pot. In this cell, SO,” ions migrate from CuSO, solution 


to the ZnSO, solution to maintain the electrical neutralin, ~ | 
anodic and cathodic compartments. The migration of gġ . h | 
from CuSO, solution is due to higher concentration of Cush "a | 
that of ZnSO, solution (Fig. 3.2). athan | 


Voltmeter 


Copper Vessel 


Porous pot 

CuSO; Solution 
Zinc rod 

ZnSO, Solution 


Fig. 3.2 Daniell cell 

Another example of an electrochemical cell showing Tedox 
reaction between Cu and AgNO, is given below. 

The reaction is represented as: 

Cu(s) + 2AgNO,(aq) —> Cu(NO,)(aq) + 2Ag(s) 
or Cu(s) +2 Ag®(aq) —> Cu?**(aq) + 2Ag(s) 

The two half reactions are: 

Cu(s) ——> Cu ag + 2e 
(oxidation half reaction) 
2Ag%(aq) + 2 —> 2Ag(s) (reduction half reaction) 
The cell is as shown in Fig. 3.3. 


In this cell oxidation occurs at Cu electrode and hence it 
acts as anode or negative pole. Reduction occurs at Ag electrode 
and hence it acts as cathode or positive pole. The current flows 
conventionally from Ag to Cu. 


Voltmeter/Ammeter 


N 


= 
Conventional 
Coppor o V —NO® current KEND e 


rod EEEE © silver 
Í / Salt bridge rod 
7 fo containing & =35 5 
=| pE zA KNO, EREEH G 
NOD Geis z =F ARSE Agno; 
solution ~EVE= === NORE 5 solution 
Anode Movement of cations Cathode 


Cu>Cur* + 2e- Movement of aniows A 9O + e->Ag 


Fig. 3.3 Electrochemical cell based on the reaction 


Cu + 2AgNO, —>. Cu(NO,), + 2Ag 


3.2.2 GALVANIC CELL 


. . f ical 
Galvanic cell is an electrochemical cell that converts che™ 
energy of a spontaneous redox reaction into electrical energ”. 
such device the Gibbs energy (G) ofa spontaneous redox react 


into electrical work which may be used for. running a 


. e 
ee other electrical gadgets such as heater, fan, geyser, etc. 
or sia . | 
mot Some important characteristics of galvanic cells are as 
lows: 
j At each electrode—electrolyte interface there is a tendency of 
a. metal ions from the solution to deposit on the metal electrode 
trying to make it positively charged. 


e. 


At the same time. metal atoms of the electrode have a 
tendency to go into solution as ions and leave behind the 
electrons at the electrode trying to make it negatively 


charged. 


At equilibrium, there is a separation of charges and 


depending on the tendencies of the two opposing reactions, 
the electrode may be positively or negatively charged with 
respect to the solution. 


_ A potential difference develops between the electrode and 


the electrolyte which is called electrode potential. If the 
tendency of an electrode is to get oxidized, i.e., to lose 
electrons it is called oxidation potential and if the tendency 
ofan electrode is to get reduced, i.e., to accept electrons, it 
is called reduction potential. 


When the concentration of all species involved in a half 
cell is unity, then the electrode potential is known as 
standard electrode potential and according to the “IUPAC 
convention,” they are now called as standard reduction 
potential, i.e., at standard conditions (1 atm, 298 K, and 
1.0 M). 


. There exists a potential difference between the two 


electrodes and when a cell is in the “switch on” position, the 
electrons flow from negative electrode to positive electrode. 


. The direction of current flow is opposite to that of electron 


fiow. 


The potential difference between the two electrodes of a 
galvanic cell is called the cell potential and is measured in 
volts. 


The cell potential is the difference between the reduction 

electrode potential of cathode and anode. It is called cell 

electromotive force (emf or EMF) of the cell when no current 

is drawn through the cell. 

The efficiency of a cell is determined by the tendency of 
left electrode to loose electrons and the tendency of right 

electrode to accept electrons. Thus, a measure of cell 

efficiency is called as electromotive force (EMF) or the 
voltage or difference in potentials of two electrodes. EMF 
is defined as the difference in the potential across left and 
right electrode due to which electrons flow from anode to 
cathode. 

The EMF value of a cell made up of such two half cells is a 
constant provided that the concentration of the electrolyte, 
temperature, and pressure (if gases are involved) remains 
constant. It means that EMF values do not change with 
temperature, concentration and pressure. EMF values are 
hence standardized at a temperature of 25°C (298 K), a 
pressure of 1 atm or 1 bar (if gases are involved) and at 
concentrations of 1.0 M for all solutes present as electrolytes. 


O ee 
oden these iti tandard 
EMF values under these condition are called as S 


EMF and is denoted as E°. 
; in three ways as: 
E® „e Can be defined in | eT 
Standard reduction potentia of P 
i E?e = i Standard reduction potential of ano 


(E® eduction)anode 


~O) 
7 (£ reduction) cathode 


; Standard oxidation potential of m s 
ii. Esen | Standard oxidation potential of catho 


- (fo... 
= (EÈ cxidation anode CE oxidation) cathode 


eee a E C 
Mk, Be ai z FY oxidation FE * reduction 

j. Conventionally, anode is on the left and cathode is on the 
right while representing the galvanic cell. 


k. A galvanic cell is generally represented by putting a vertical 
line between metal and electrolyte solution and putting a 
double vertical line between the two electrolytes connected 
by a salt bridge. 


3.3 STANDARD HYDROGEN 


ELECTRODE (SHE) AND 
MEASUREMENT OF ELECTRODE 
POTENTIAL 


The potential of individual half cell cannot be measured but the 
difference between the two half cell potentials that gives the EMF 
of cell can be measured. If the potential of one electrode (half 
cell) is chosen arbitrarily, then the potential of other half cell can 
be determined with respect to this. Conventionally, a half cell 
called standard hydrogen electrode (SHE) or normal hydrogen 
electrode (NHE) is taken as the reference electrode (Fig. 3.4) and 
represented as: 


Pt(s) | H,(g) | H°(aq), 


is assigned a zero potential at all temperatures corresponding to 
the equation 


Hag +e —> THe) 
SHE consists of a platinum electrode coated with platinum 


black (finely divided platinum) dipped in an acidic solution and 
pure H, gas is bubbled through it. 


<— Hg) at l bar 


Finely divided platinum 
coated on platinum foil 


Fig. 3.4 Standard hydrogen electrode (SHE) 


nd oxidized forms of 
> gas is | bar 
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The concentration of both reduced a 
hydrogen is maintained at unity, i.e., pressure of H 
and concentration of H® ion in the solution is | M. | 
When, in the cell, this electrode acts as the cathode, 1.¢., 
reduction takes place, the following reaction occurs: 
2H® + 2e —> H,(g) 
ie.. some HÊ ions from the solution change into H, gas. When, 
in the cell, this electrode acts as the anode, i.e., oxidation takes 
place, the following reaction occurs: 
H (g) —> 2H® + 2e7 
EA some H, gas changes into H® ions which go into the solution. 
Thus. the electrode is reversible with respect to H® ions. The 


electrode is represented as: 
Pt(s) | H(g) 1 bar | H® (1 M) 
(where M is the concentration of H® ions) 
EP 2) )2H® = 0.0 V at 298 K 
or EO pe) Hy(e) = 0.00 V at 298 K 


3.3.1 DETERMINATION OF ELECTRODE POTENTIAL 
OF AN ELECTRODE 


A cell is set up using SHE as one of the electrodes and the second 
electrode is the electrode whose standard potential is to be deter- 
mined. e.g., M**| M. The standard EMF of the cell is measured. 


Ee cell ~ (E S di cathode — (E ETTA A 
© 
If Er | My? Fon? ye 
So M™| M is the cathode and H, | 2H® is the anode. 


[+ Electrode having higher reduction potential has to be 
cathode] 


Cell is represented as: 

Pt(s) | H,(g) | HÊ || M** | M(s) 
Ee cell ~ E aiai =p 
x volt = E© — 0.0 volt (E° yp = 0.0 volt) 


anode 
cathode 

Eves) = x volt 

Thus, standard EMF of the cell will directly give the standard 
reduction potential of the electrode under investigation. 

If EO yet ing) < EO Hemo 

So M/M” is the anode and 2H®/H, is the cathode. 

Then, the cell is represented as: 

M(s) | M* || H® | H,(g) | Pt 

O = 5 
E cell E ai -E pe 


Xyoit = 0.0 volt — B®, 


Thus, standard EMF of the cell also directly gives the standard 
reduction potential of the electrode under investi gation. 
Moreover, the direction of the flow of current further indicates 
whether oxidation or reduction takes place on the electrode under 
Investigation with respect to hydrogen electrode. Accordingly, the 


Y 


electrode potential is termed as oxidation potential op ted 
potential. "tig 


Note: 

a. A reading on the voltmeter will be obtained Only į 
negative terminal of the voltmeter is connected A he 
negative electrode, i.e., where oxidation occurs aa e | 
positive terminal to the positive electrode, i.e, ae | 
reduction occurs. ii 

b. Ifthe two half cells are selected arbitrarily for the Purpose 

constructing a galvanic cell, then proceed in the followin 
manner: è 
Compare the reduction potentials of two electrodes Th 
electrode whose reduction potential has greater posit. 
value is made cathode and other electrode is made andl 
Alternatively, compare the oxidation potentials of ti 
electrodes. The electrode whose oxidation potentia] has 
greater positive value is made anode and the other electrode 
is made cathode. 
Constructing the cell in this manner will always give , 
positive EMF otherwise sometimes if electrode is chose, 
wrongly, the EMF will be negative. In such cases, if the 
EMF of the cell is positive, the cell is said to be spontaneous 
or feasible or exergonic (AG < 0). If the EMF of the cel] j; 
negative, the cell is said to nonspontaneous or non-feasibic 
or endergonic (AG > 0). 

c. Reduction potential is taken as standard potential, i.e.. 
if electrode potential is given (and nothing is mentioned 
whether it is oxidation or reduction), it is taken as the 
reduction potential, by default. 


3.3.2 RULES FOR ASSIGNING POSITIVE OR NEGATIVE 
SIGN TO ELECTRODE POTENTIALS 


a. The reduction potential of a half cell (or an electrode) is 
given a positive sign if the electrode acts as cathode ina cell 
arrangement with SHE and its oxidation potential is given 
a negative sign with the same magnitude. 

For example: reduction potential of less active metals such 
as, Cu, Ag, etc., is given a positive sign. 

b. The oxidation potential of a half cell (or an electrode) 8 
given a positive sign if the given electrode acts as anode 1 
a cell arrangement with SHE and its reduction potential IS 
given a negative sign with the same magnitude. 

For example: Oxidation potential of active metals such as 
Na, K, Ca, Mg, Al, Zn, etc., is given a positive sign. 


Note: Electrode potential measured in this manner is called 3 
standard hydrogen scale potential. 


A positive values of the standard electrode potential for CU 
electrode indicates that Cu?" ions gets reduced more easily tha! 
H® ions under the standard conditions. Alternatively, Cu canno! 
be oxidized to Cu2* ions in presence of H® ions. 

Hence Cu does not dissolve in HCl, whereas in case of HNO; 
(nitric acid), Cu is oxidized by NO,° (nitrate) ions and not”? 
H® ions. 


a ee 
c. it is measured | by a simple c. It is measured by potentiom- 

voltmeter. metric method only (given 

below), so that the EMF sent 

by the potentiometric source, 

is equal and opposite to that 

of the cell and there is no 

net current flowing in the 

circuit. It cannot be measured 

by voltmeter which draws 
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54 DIFFERENCE BETWEEN POTENTIAL 
DIFFERENCE AND EMF 
al difference and EMF of a cell differ as given below: 


potential difference EMF | 
a. It is the potential difference 


it is the difference 

between the electrode between the two electrodes 
potentials of the two of the cell when no current 
electrode under any 

condition. 


p. It is less than the 


pan 
a 


a. 


is flowing in the circuit 
(i.e., in an open circuit). 


current. 
d. It is responsible for the flow 


of steady current in the circuit. 


d. It is not responsible for 
the flow of steady current 
in the circuit. 


3.5 MEASUREMENT OF EMF BY 
POTENTIOMETER METHOD 


The EMF of a cell cannot be measured by a voltmeter because 
it withdraws some current from the cell and the equilibrium 
conditions are disturbed thereby. A potentiometer is used for this 


purpose. 


b. It is the maximum voltage 


obtainable from the cell. 


maximum voltage 


obtainable from the 
cell (1.¢., EME of the cell). 
; MES 


———— 


3.6 ELECTROCHEMICAL SERIES 


d i i l 
The standard electrode potentials are important and a lot of useful informations can be obtained from them. The values of standard 


electrode potential for some selected half cell reactions are given in Table 3.1 


Table 3.1 Electrochemical series 


Half cell ; 7 i | | 
E TA Electrode reaction ee Reduction potentials (V) 
an mil Li®(aq) + e —> Li(s) -3.04 T 
| | K®(aq) + e —> K(s) 
| | Ca2*/Ca on = 
| : Ca**(aq) + 2e —> Ca(s) — 2.87 
| Ns ey Na®(aq) + © —> Na(s) -27 
g pe Mg? (aq) + 2e ——> Mg(s) —2.37 
eis H,(aq) + 2e° —> 2H®(aq) — pas 
Al bie Al?*(aq) + 3e —— Al(s) 166 
Mn‘ /Mn Mn?*(aq) + 2e —> Mn(s) acs 
7 ~ = . 
: ike Pt 2H,O(1) + 2e — H,(g) + 2 OH (aq) — 0.83 
Lg | oom, Zn (aq) + 2e —> Zn(s) 0.76 
5 Cryer Cr3*(aq) + 3e° —— Cr(s) aaa 2 
O + E 
E pi /Fe Fe2*(aq) + 2e —> Fe(s) ae : 
5 Cr*/Cr**, Pt Crag) te => Cr**(aq) | 5 
2 | Cd”/Ca ï p : 
TD Cd? (aq) + 22 —> Cd(s) — 0.40 3 
z ei a Co**(aq) + 2 —> Cols) = 0.28 : | 
S it/Ni Ni2*(aq) + 2e —> Ni(s) j 2 
von -0.25 3 
g Agl(aq) + € — Ag(s) + I°(aq) | x 
Sn?*/Sn oil pe 
o Sn2*(aq) + 2e —> Sn(s) — 0.14 
af b Pb?*(aq) + 2e —> Pb(s) —0.13 
= = |  Fe?*(aq) +3e —> Fe(s) ~ 0.04 
= , Pt 2H®(aq) + 2e —> H,(g) l 0.00 
; "AgBHAg AgBr(s) + e —> Ag(s) + Br&(aq) | 0.10 
E? p /Cu®, Pt Cu?* (aq) + € —> Cu®(aq) 0.15 
Sn**/Sn2*, Pt 4 z | 
Sn**(aq) +2 —> Sn” (aq) 0.15 


; ——— A ae im — = om — ; ——————~C~™S 0.17 ie 
3.14 Physical Chemistry _ = SO,(aq) + H,O() 
"M ~ §Q,2-(aq) + 4H®(aq) + 2¢ —~? iad ai 5 4 0.22 
S0; iSe ' AgC\(aq) +7 ——* Ag(s) + C1°(aq) aaa 
| a 
CI9/AgCVAg Hg,Cl,(s) + 2e — 2Hg(s) + 2CI°(aq) ae 
C10/Hg,Cl,/Hgl Pt) Cu2*(aq) + 20 — Cu(s) aa | 
cA Pt.O, | OH “ a s ——y Cu(s) Í a 
5 i hai 0.54 S 
5 cies 1/21,(s) + e —> l°(aq) ~~ 5 
Z © . 2 a 
5 A l w O O,(g) + 2H®(aq) +2e —> H,O,(aq) yaa 5 
Tar f l Fet(aq) + e —> Fe” (aq) we Ve 
ap Fe?*/Fe- 7 t : l l P 
2+(aq) + e —> Hg(s) E 
3 | Hg /HgPt 1/2Hg,” (aq) + ¢ ‘ 0.80 Z 
5 Ta ®(aq) + e —> Ag(s) 5 
| Ao®/Ag Ag (aq) 0.92 Ẹ 
> | Hgg” 2Hg”*(aq) + 2e — Hg,” (e9) 097 
| NO Ə/NO. Pt NO, © + 4H®(aq) + 36 —> NO(g) + 2H,0) + 
| oe Br /Bre Br,(I) + 2e —> 2Br°(aq) 
MnO,/Mn2* MnO,(s) + 4H®(aq) + 2e —> Mn?*(aq) + 2H,0() ae 
| H®/O,/Pi O,(g) + 4H®(aq) + 4e —> B,O() | 
| = a 344 +7H O(1) 1.33 
cr,0,27Cr* Cr,0,?-(aq) + 14H® + 6e —> 2Cr” (aq) + 79 Wo 
cLcie 1/2 CL,(g) + e — C1%s) 36 
ME Au Aut (aq) + 3e —> Au(s) pi 
MnO,°/Mn?*, H®/Pt MnO 4°(aq) + 8H® (aq) + Se —> Mn?*(aq) + 4H,O(1) H 
| 4 > l 
 Cet*/Ce*, Pt Ce4*(aq) + e —> Ce3*(aq) L. 
| H,O,/H,O H,0,() + 2H®(aq) + 2 —> 2H,0(1) 1.78 
C oF/C ot, Pt Co?*(aq) + © —> Co?*(aq) 1.81 
| 0/0, O,(g) + 2H®(aq) + 2e —> 0,(g) + H,00) 2.07 
ae 9 
v Pt, F,/F® Pie) +26 = 2FĦ(s) 2.87 


Lower the reduction potential, higher will be the tendency of fo 
of metals: Li > K > Ca > Na > Mg > Al. 


rming positive ions. This is related to the reactivity of metals. The order of reacūviy 


i i : Ao >Zn>Fe 
In this series, oxidizing character increases and reducing character decreases, e.g., the reducing character follows the order: Na > Mg> Zn 


>Ni>Cu>Ag. 


A negative E© means that the redox couple is a stronger reducing agent than the H® | H, couple. 


A positive E© means that the redox couple is a weaker reducing agent than the H® | H, couple. 


Various electrodes have thus been arranged in the order of 
their increasing values of standard reduction potentials. This 
arrangement is called electrochemical series. This also includes 
in itself the activity series of metals because the relative activity 
of metals can be obtained by comparing their oxidation potentials. 
The applications of electrochemical series are as follows: 


a. To compare the relative oxidizing and reducing powers: 
If the standard reduction potential of an electrode is greater 
than zero, then its reduced form is more stable compared to 
H, gas. In other words, the substance element or ion is more 
easily reduced and is a stronger oxidizing agent. Similarly, b. 
if the standard electrode potential is negative, then H > Bas Is 
more stable than the reduced form of the species. In other 
words, the substance (element or ion) is less easily reduced 
and is a weaker oxidizing agent. 

Thus, it can be seen from the Table 3.1 that standard 
reduction potential for F, is the highest and Li® ions have the 
lowest reduction potential, which means that F, is reduced 


to F© ions most easily whereas Li® ions is reduced wil 


greatest difficulty. l 
Therefore, F, gas is the strongest oxidizing agent and F 
ion is the weakest reducing agent. Likewise, Li® ion is the 
weakest oxidizing agent while Li metal is the most powerful 
reducing agent in an aqueous solution. 

Conversely, writing the reaction in reverse order, it ca? be 
seen that Li metal will be oxidized most easily and henc? 
is the best reducing agent whereas F® ion is oxidize ae 
greatest difficulty and hence is the weakest reducing age 
To compare the relative activities of metals: It can be ee 
that as we go from top to bottom in Table 3.1, the stat ‘a 
reduction potential increases and with this increases 
oxidizing power of the species on the left and decrease ; 
reducing power of the species on the right hand side 0 
reaction. 

Greater the oxidation potential (or lesser reduction pO 
of a metal, more easily it can lose electrons and henc¢ 


tential) 


a 
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ee reactivity. As a result, a metal with greater oxidation 
is tial can displace metals with lower oxidation potentials 
ot “their salt solution. For example, the oxidation potentials 
fron 7n, Fe, Cu, and Ag are in the order 

` n> Fe > Cu > Ag. 


ences each metal can displace metals on its right from the 
zalt solutions. So their reactivity 1s in the order given above. 
Fl ectrochemical cells are used in the determination of pH of 
the solution, solubility product, equilibrium constant, other 
thermodynamic properties, and for potentiometric titration. 


- 


56 ELECTROPOSITIVE CHARACTER 


she useful mnemonic of remembering the metalic character 
series: $ . . 
pecreasing order of metallic character is given below: 
elives= 
gear Bar Ca> Mgr Aho an Heo Ni? Sn > Pb 
y> u> Hg> Ag > Au> Pt 


The useful mnemonic to remember the metallic series is: 


M = Magnesium (Mg) 
A = Aluminium (Al) 


r. 


C = Copper (Cu) 


AEO ®© || Z= zine (Zn) H = Mercury (Hg) 
(S= Sodium al i= roata A = Silver (Ag) 
| T = Tin (Sn) P = Platinum (Pt) 
L = Lead (Pb) 


Note: That hydrogen is not a metal and comes between 
MAZINTL and CHAAP 


Consider the following cell reaction 


Zn + 2Ag® —-» Zn** + 2 Ag. 
Given that 

EP 72+ oo) iza) = 0-76 V 

ES 


a. Calculate the standard EMF of the cell. 
b. Which ion is more powerful oxidizing agent? 


¢. Which metal is more powerful reducing agent? 


a. The cell reaction is written in two half reactions as: 
Zn (s) —» Zn% (aq) + 2e (oxidation half reaction) 
2Ag® (aq) + 2e —>2Ag (reduction half reaction) 
Here E® is given in standard reduction potential. 
E? 4,8 |Ag~ EO 7,2 | Zn’ . | 
Therefore, Ag® | Ag will undergo reduction and will act 
as cathode and Zn | Zn2* will undergo oxidation and will 
act as anode. 


———— a | 
“ E” a = (EO eduction) cathode - (E veduction anode 
2p 20 <-0:)/6) =? 56 V 


Alternatively | : ee 
Since standard reduction ee - Ag | Sa si 
than standard reduction potential of An , s 

7p2* will undergo oxidation and Ag® | Ag will undergo 


reduction. 
: = pO, . 
EY oxidation Zn | i -E reduction (Zn? | Zn) 
~_ (0.76) = 0.76 V 
© = fo O 
E® sell =E oxidation +E reduction 


= 0.76 + 0.80= 1.56 V 


b. Cell reaction: 


2Ag%(1 M) + Zn(s) —> Zn?"(1 M) + 2Ag(s) 
According to the cell reaction, Ag® ion is reduced to Ag 
and hence Ag® ion is a stronger oxidizing agent. 


c. According to the cell reaction, Zn(s) is oxidized to Zn’* 


ions and hence Zn metal is a stronger reducing agent. 


Can a solution of CuSO, be stored in (a) zinc (Zn) pot; 
(b) silver (Ag) pot? 


i From Table 3.1, the standard reduction potential of 


Zn?*|Zn is —0.76 V and standard oxidation potential will 
be 0.76 V, whereas the standard reduction potential of 
Cu2* | Cuis 0.34 V and standard oxidation potential will 
be — 0.34 V. 

Therefore, E T ain (Zn | Zn~*) > ES oxidation (Cu | Cu)" 
Hence, Zn is more reactive than Cu. Hence, it displaces 
Cu from CuSO, solution as follows: 

Zn(s) + CuSO,(aq) —> ZnSO,(aq) + Cu(s) 

or 

Zn(s) + Cu2*(aq) —> Zn?*(aq) + Cu(s) 

Thus, Zn reacts with CuSO, solution. Hence, CuSO, 
solution cannot be stored in Zn pot. 


Alternatively 


Find E® cell" If it is positive, it means cell reaction will 
occur, and one cannot store the solution in the pot. If 
the standard oxidation potential of the metal behaving 
as pot is greater than the standard oxidation potential 
of the metal consisting of solution, then E® „y will be 
positive and one cannot store the solution in the pot. 
E® = (E° 


cell radoon cathod (2g 


raion ative 
~ EO oy2 Ka ES ,2+ | Zn 
= 0.34 — (-0.76) = 1.10 V 
Therefore, a solution of CuSO, cannot be stored in Zn pot. 


. From Table 3.1, the standard reduction potential of Ag® 
| Ag is 0.80 V and standard reduction potential of Cu2* 
| Cu is 0.34 V. 
EF? jag > EP cut cu 
or 
p> Ag |A 


© 
2 <E Cu | Cu2* 


oY 


b. Fe(s) | Fe SO, (1.0 M) || ZnSO, (1.0 M) | Zn(3) > | 
c. Pt, CL(g) (1 atm) | NaCl (1.0 M) | Hg,Cl,(s) | Hay | 
(Cd) ).40 V, E (Fo) = —().4] V, E (2n) i 76, 


KO ag = t 0.80 V, E” oci CL) — -1.36 V, 


3.16 Physical Chemistry o —— a A 
Sines ation potential of the metal 
an the standard oxidation 
f solution (CuSO,), 
one can store the 


Since the standard oxid 
(Ag) behaving as pot is less thi 
potential of the metal consisting P 
then EPen Will be negative, anc 
solution (CuSO,) in the pot of Ag. 


Given; EY 


EYP -ey = 0.27 V. í 
> =(E® i (E° oducti Janode (Hg | Hg, Ch) 
ES cl (E eduction cathode reduction “i 
= EÈ oat cu T E MP Lag iis Cd(s) —> Cd” (] 
a 3 S $ 
= 0.34 - 0.80 = -0.46 V a. Anode: ) COM) y 
Therefore, one can store CuSO; in Ag pot. Cathode: 


2Ag° (1.0M) + 26 —> 2Ag (s) 
Cell reaction: i 
Cd(s) + 2Ag 9(1.0M)—> CLO My 74, 
z 5'5) 
Given: E© Zn|Zn-" 0.76 V a (Em eireto udho y KTR aoe 
ES atita OEV =0.8-(-0.4)=1.2V 
IBE Note that £° Zn | Zn2* 18 the standard oxidation potential EMF of cell is positive, hence the cell will function with 
value while that of ES, 2+ icu Is standard reduction potential Cd as anode and Ag as cathode. 
value. b. Anode: Fe (s)—> Fe” (1.0 M) + K 


Cathode: Zn?*(1.0 M) + 36 — Zn(s) 


Construct a cell using given electrodes at 298 K and also 
calculate its standard EMF. 


Therefore, | | Zn (standard reduction potential) value 
is— 0.76 V. Comparing the two standard reduction potential 


Cell reaction: 
values. - 
- FE 5 Fe(s) + Zn?* (1.0 M) —> Fe” (1.0 M) + Zn(s 
z EO (2+ | cu > EP (Zn** | Zn) e(s) oO” 5) 
° = = J 
Hence, copper electrode will act as cathode and Zinc E® e17 (EP reduction cathode = reduction) anode 
electrode will act as anode. The cell representation of the = -0.76 — (-0.41) = —0.35 V. 


cell is: Negative EMF value suggests that cell will not function 
Zn(s) | Zn?* (1.0 M) || Cu? (1.0 M) | Cu(s) in the manner it is represented, i.e., Fe as anode and 7) 

= as cathode. So reversing (interchanging) the cathode 
E° cell (ES pinton cattle — (E® reduction)anode 


= 0.34 -(-0.76) =LIV 


If EC (Ag | Ag®) = —0.8 V and p, H, | 2H®) = 0 V, in a cell 
arrangement using these two electrodes, find ER Si and find 
out which electrode acts as anode and which acts as cathode. 


So Note that E? ae ‘Ag®) and E” 4, |24® are standard oxidation 


potential values. Comparing the two values, 
Evy 2H”) > ES 


(Ag | Ag®) OF 
Comparing the reduction potential values, 
E° 


i 
(Ag? \Agy Z 


J 

(2H? | H,) 
Hence, silver electrode will act as cathode and hydrogen 
electrode will act as anode. 


The cell representation of the cell is: 


and anode, i.e., making Zn as anode and Fe as cathode 
can make the cell functional. 
c Anode: 2€1° (1.0M) — Cl, (1.0atm)+ 2% 
Cathode: 
Hg, Cl(s) + 26 — > 2Hg(s)+2CI° (1.0M 
Cell reaction: 


Hg,Cl,(s) —> 2Hg(s) + Cl, (1.0 am 

BO t= Oe loca ena (ES cele teas EE 
= 0.27 — (1.36) =-1.09 V 

Negative EMF value suggests that the cell will “a 
function in the manner it is represented, i.e., Ht 
as cathode and 2C1© | Cl, as anode. So reversing (0 
changing) the cathode and anode, i.e., making Hg,C" 
(i.e., Hg | Hg, Cl,) as anode and Cl, | 2C19 as catho 


can make the cell functional. 
For the reduction of NO,” ion in an aqueous solution, B® 
0.96 V. EY for some metal ions are given as: 
i. Fe?*(aq) + 3e — Fe(s), E° = —0.04 V 
ii. Hg” (aq) + 2e —5 Hg(s), E° = 0.86 V 
iii. V?*(aq) + 2e — V(s), E2 = -1.19 V 
iv. Au*'(aq) + 3e°-—+ Au(s), E° = 1.40 V 


Pt, H, (1 atm) | H® (1.0 M) || Ag® (1.0 M) [Ag (s) 
E® 


= J rs 
cell (ES reduction) cathode ` (£ 


=0.8-0=0.8 V 


Calculate E° for each cell and write the equation for each cell 
process. Explain the significance of any negative EO 


a. Cd(s) | Cd?*(1.0 M) || AgNO, (1.0 M) | Ag(s) 


=e | 
reduction) anode 


value. 


A 


< petals that is oxidized by NO,” in aqueous solution is: 
ag : 
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Cathode reaction: 


„p b. Hg and Fe ® 4 
(ne „Fe " ii d. V and He 8NH,(aq) + 2MnO,(s) + K —> 
| „fom 2Mn?* (aq) + 8NH,(g) + 4H,0(1) (Reduction) 
gre - Cellroaction: O O O O eee 
w O+E —? E” eduction =0.96 V r 
| Š apare the standard reduction potential of the given metals Zn(s) + 8NH,(aq) + 2MnO,—> 
( = 
| n that of NO,° reduction. 2Mn3*(aq) =f 8NH,(g) 4 Zn?+ + 4H,0(1) 
\ >: 
-r NO.8 is greater than Eo |. of (i). Gi 
F? eduction for 3 reduction of (i), (11), and (EO tonah varies between 0.49 to 0.74 V. 
(itl). a 
| senor’ will be able to oxidize, Fe, Hg, and V. So correct For (E™ eduction) cathode = 0.49 V, 


(b), (c), and (d). E~ i” (E9 eduction) cathode H (E° reduction) anode 


= 0.49 — (-0.76) = 1.25 V 
| For (E° action eathode 074V: 
>o elet shemical cell i P ; reduction’ cathode , 
whe following electrochem1 is represented as: EO ai = 0.74 — (0.76) = 1.50 V 
LG Hg,” (a= 1) || Cef*, Ce** (a = 1) | Pt (2) E® „„ varies between 1.25 V and 1.50 V. 
= ` . O O neoe 
\f an ammeter 1S connected between two platinum 


electrodes, predict the direction of flow of current. 3.7 NERN ST EC YU ATION 


In electrochemistry, the Nernst equation is an equation that can 
be used (in conjunction with other information) to determine the 
equilibrium reduction potential of a half cell in an electrochemical 
cell. It can also be used to determine the total voltage (EMF) for 


| options are cell 


h. Will the current decrease or increase with time? 


Given: ES gg | Hg,2* = 0.92 V; EY 6.44 )cg3+ =1.61 V 


(a) The electrode reactions are as follows: 


Anode reaction: Hg,” —> 2Hg?* + p (oxidation) a full electrochemical cell. It is named after the German physical 
Cathode reaction: chemistry who first formulated it, Walther Nernst. 
2Ce** + => O i 
+ 26 i Senco) 3.7.1 EFFECT OF CONCENTRATION ON EMF OF 

Cell reaction: Hg,”*, 2Ce** + 2Hg + 2Ce** CELLS AND HALF CELLS (FOR AN ELECTRODE 
—$—$— TT I oer n+ 
es cell (E9 eiei -{E ATAN M l M) 

=1.61 V -0.92 V = 0.69 V In the calculation of standard EMF of the half cell and standard 


EME of a cell, we have assumed that the concentration of all 
species involved in the electrode reaction is unity. This need not 
be always true. Nernst showed that for an electrode reaction: 
M”+(aq) + ne —> M(s) 
The electrode potential at any concentration measured with 
respect to hydrogen electrode can be represented by: 


Since E® cell is positive, the cell reaction is feasible or 
spontaneous. 


Current in electrochemical cell flows from cathode to anode 
whereas the electrons flow from anode to cathode. 


So the current in the circuit will flow from Pt(2) (cathode) 


| to Pt (1) (anode). 
| b. With the f ti MF of the cell will decrease and E Se a oe In M 
| passage o time, E O ece (M”t |M) m”+ M nF [M"] 


so the current will also decrease in the circuit. o 
But concentration of solid M is taken as unity, we have 


| , E = ES = In ME 
, Sot) M) n+ - ni 
| “r following reaction: occurs in the dry cell, called flash light ikii M 0 nÒ M] 
attery, which is used to power radios, clocks, and flashlights: _ po 2.303 (i) 


M”* M) mee e n+ 
*Mn0 T 8NH 4 + Zn(s)—> 2Mn?* + 8NH, + Zn” ' ne Di l 
+ 4H,O where EO "t IM) has already been defined R is the gas constant 
(8.314 JK]! mol”), F is the Faraday constant or charge on 1 mol 
electrons = 96487 coulomb mol! = 96500 C mol !. Temperature 
is in kelvin and [M*"] is the concentration of the species M”", n is 


| i Write the anode and cathode reactions. l 
| Calculate E°? „y of the dry cell if the electrode potential of 


| Moa e apa varies between 0.49 V and 0.74 V and the number of electron(s) transferred in the balanced cell reaction. 
| that of anode E® suction 18 ~ 0.76 V. Substituting the values at 298 K in Eq. (i), we get, 
| 
= F® 
| The electrode reactions are as follows: Euan | M) (M"" |M) 
Anode reaction: 3303x8.314 J K! mol! x298K og — 
l l e ak aaa eT 
Zn(s) — Zn?* (1.0 M) + 26 (oxidation) nx 96487 C mol [M"*] 


= —0.76 V 


E z reduction 
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= EY = log as (at 298 K) (il) 

= È cM" 1M) n M”'] 
Note: The values of (22087) at various temperatures are 
as follows: 5 _— 

Temperature Values of ka 

273 K C) 0.054 

278 K (5°C) 0.055 

283 K (10°C) 0.056 

288 K (15°C) 0.057 

293 K (20°C) 0.058 

298 K (28°C) 0.059 

303 K (30°C) 0.060 


308 K (35°C) 0.061 


3.7.2 EMF OF THE CELL FORA GENERAL 
ELECTROCHEMICAL REACTION 


The Nernst equation for determining the EMF of the cell for a 
general electrochemical reaction of the type 


aA + bB- —" CD 


can be written as 


5 0.059 
E net =E “cell ~ log Qel 


cell 


c d 

_ E® _ 0.059 lo [erip 

Neel [A] [B] 
where Q _„ų is the reaction coefficient of overall reaction, E® 4 is 
the standard EMF of the cell, and n cel! ÍS the number of electrons 
transfer in the cell reaction. For example, in Daniell cell, the 


electrode potential for any given concentration of Cu2+ and Zn2+ 
ions at 298 K_ we have 


For cathode: 
= we 0.059 ] 
Ficu icu = E (Cu Cu) 2 Ë [Cu (aq)] 
For anode: 
pases 0.059 1 
E 7,2 Zn E (Zn?* /Zn) 2 log [Zn** (aq)] 


The cell potential, 


Eee = Ecu (Cu) ~ Ezr | Zn) 
; 0.059 J 
= E” —— log —____ 
(cu 10) 2 Cu ag) 
E 0.059 | 
~ E” gn? yg +a log — 
(Zn | Zn) 2 [Zn (aq)| 
- AG 
= E? oy2+ |Cu) E” Zn2* 129) 


0.059 [Zn 
-5 a dea 
[Cu" ] 


- 0.059, [Zn7*] 
= EP _-— lo 
E cell 2 8 [Cu?*] 


(11) 


Creaseg . Se 


Note: Use the same number of electrons T Cih 
electrodes. OF both pl 
e | f 
0 
3.7.3 EMF OF HYDROGEN ELECTRODE IND, o 
CONCENTRATIONS OF H® Jons FFëR 
p 
For half electrode, write the equation ofre 
reduction potential value. For example, h 

in a solution of different pH. 


2H® +2e —> H,(g) (1 atm) 


duction and Use Sta 4 
ydrogen e| €ctrode fp 
Der 


>o 0.059. py 
E sett B E” cell _ 2 lo HPP 
0- 0.059 | l atm J 
2 Hep 
= -222 tog [H°]? 


-0.059 log [- log [H®]] 
=-—0.059 pH. 
~ Ey, |y, =—0.059 pH 


3.7.4 EQUILIBRIUM CONSTANT FROM NERNST 
EQUATION (E..,, = 0.0 V) 


If the circuit in Daniell cell is closed, the following reaction taks 
place: 


Zn(s) + Cu?*(aq) acs Zn?*( aq) + Cu(s) 

With time, [Zn2*] increases while [Cu2*] decreases and 
at the same time voltage of the cell on the voltmeter decreas: 
After some time there happens to be no change in the [Cu] mi 
[Zn?] ions, and at the some time, voltmeter gives zero reading 
This indicates that equilibrium is attained, and the Nemst equate! 
becomes 
0.059 loe [Zn] 


2 AGr] 


0.059 = 
or ES i — log a 


Fett =0= E cell E 


2" [cu] 
But at equilibrium, 
a ge 298 K 
[Cu] 8 * 
Eo SER log K. (Eea L 
0.059 V 


LIV= —— log K, 
9 
LAL EEN 
0.059 V 
K,=2 1037 at 298 K 


<. log K. : 
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i - 0.059 log Ke (i) 
Blt . Me a relationship between equilibrium constant 

a (i a d standard potential of the cell in which that 
ia reaction jace. Thus, equilibrium constants of the reaction, 
ion : a to measure otherwise, can be calculated from 
i a dife FO value of the cell. 


— 


oh I5 . 
yc ding 
\ aspon 
arrest 
ya 


* EleCIROCHEMICAL CELL AND 
38 Cigps ENERGY OF THE REACTION 
J —— 


otk done in one second is equal to the electrical 

ru ‘altiplied by total charge passed. To calculate maximum 
vil n a galvanic cell, the charge has to be passed reversibly. 
woth a work done by a galvanic cell is equal to decrease 
w an energy and therefore, if the EMF of the cell is E and 
| Ai n amount of charge passed, then work done by the cell and 
m energy of the reaction (A,G) is: 

Work done by the cell = Charge x Potential 


| Work done by the cell is equal to the decrease in the free 


G 


| aeg 
-\.G=nF- E ell 
Note: E y 18 an intensive property but AG is an extensive 
thermodynamic property and the value depends on n. 
Similarly, maximum obtainable work from a cell at standard 
condition will be: 
m = nFE® cell 
-AG® = nFE® el 
Thus, for the reaction: 
Zn(s) + Cu2*(aq) —> Zn2*(aq) + Cu(s) 
AG =-2 FE cell 
But for the reaction, 


2Zn(s) + 2Cu2*(aq) —> Zn?*(aq) + Cu(s) 


If the concentration of all the reacting species is unity, then 
E= E° and we have 

Bo PE 
Thus, from the measurement of E®, „p A,G° (standard free energy) 


hs reaction, an important thermodynamic property can be 
ined, 


From A G9 
| Calculated ae 


4.G°=_RT In K 
(01) 4.62 = -2.303RT log K 


, equilibrium constant of the reaction can be 


8. VARIATION OF EMF (E,,,,) WITH TEMPERATURE 


a; Tie a. | 
7 Ng Gibbs Helmholtz equation, the temperature coefficient 
the EMF of the cell is written as 


AG= AH aor [2] (at constant pressure) (I) 
P 


A 


(since AG = — nFE n) 


= - nF E,= AM * i dT P 
dE colt ) 
= AH nF aT Jp 
(Za) En AH Éo (ii) 
dT jp nFT T 


b. Enthalpy change from Eq. (i): 


dE cei 
AH = —NFE ges + nera) 


dE. 
= — nF |an = |“ J J 


c. Enthalpy change can be determined by comparing Eq. (i) 
with AG = AH - TAS. 


o uae 
= dT Jp 
|4 ( p nFE up| 


= nF (Za) 
dT Jp 


Represent the cell in which following reaction takes place: 


Mg(s) + 2Ag® (0.0001 M) —> Mg” (0.130 M) +2Ag(s) calculate 
its Egy if E° 4 = 3.17 V. 


cell 


|.) The cell is represented as: 
Mg | Mg” (0.130 M) || Ag® (0.0001 M) | Ag 
Reaction at anode: 
Mg(s)—> Mg” (0.130 M) + 26 
Reaction at cathode: 
2Ag(0.0001 M) + 26 —> 2Ag(s) 
Cell reaction: 


Mg(s) + 2 Ag®(0.0001 M) —> Mg?*(0.130 M) + 2Ag(s) 


2+ 
D E cel = E? cot a = log we | 
2 [Ag™] 
0.059 0.130 


5 S (0.0001) 
=3.17 V -0.21 V=2.96V 


Calculate the reduction potential of the following electrodes: 
a. Pt, H, (4 atm) | H, SO, (0.01 M) 
b. Pt, H, (1 atm) | HCI (0.2 M) 
c. Calculate the potential of hydrogen electrode in contact 
with a solution whose 
i. pH =5 ii. pOH = 4 
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p i Half cell reaction: 
H, (4 atm) —> 2H® (0.01 M or 0. 02 N) +2 


(‘n’ factor for H SO, = 2) 


— 0. 059 o 5 T 
En, |209) 7 a (H)|2H®) 2 Pun, 
0.059, (0.02? 
= „= —— | on 
9 P i 4 atm 
0.059 0.02 x 0.02 
S 
_ a be (10+) 
0.059 


x — 4 log10 


5 
= 0.059 x 2=0.118 V 
EHe |n) =—0.118 V 
Note: The concentration of gases is taken as the partial pressure 
of gases in atmospheric units (atm). 
b. Half cell reaction: (‘n’ factor for HCI = 1) 
H, (1 atm) —> 2H® (0.2 M or 0.2 N) + 2e 
> 0.059, [HPF 
En, 1289) = E a a log el 
0. 0.059 | (0.2 x 0.2) 
“2 tay 
E = 


= 0- 


[log (4x 107)] 


0. 
= Pmt 2] 


? (2x 0.3 -2) (log 2 = 0.3) 
_ 0.059 


x—1.4 = 0,059 x 0.7 = 0.0413 V 
E ay | 4, = -0.0413 V 


c. i. Use direct formula for the potential (EMF) of 
hydrogen electrode. 


Enya | H3) = —().059 pH = —0.059 x5V 


=0,295 V 
íi. POH=4,  . pH=14-4=]10 
Etin = 0.059 pH = -0.059 x 10 V 
= 4).59V 


For the cell: 
Zn(s) | Zn** (a M) || Ag®(b M) | Ag(s). 


a. Write Nernst Equation to show how £ 
concentration of Zn2* and Ag® ions. Given ES 
— í 2 í 
= -0.76 V, E? Age 1p = 0.80 V. eee 


b. Find E..,, for [Zn2*] = 0.01 M and [Ag] = 0.02 M 
c. For what values of Q will the cell EMF be | 
i. 0.0 V ii. 0.97 V 


cel Vary with 


a. 


Anode reaction: Zn(s)—> Zn% 


(aM), 


Cathode reaction: Hag 


2 Ag® (b M) + IE — Agis) 


Cell reaction: Zn(s) + 2 Ag® (b M> 


E” ei a (EP eductton)e E (EY reductions 
= 0.80 — (-0.76) ~ 


. =] 56 
Using Nernst equation, 


2+ 
0.059 ie [Zn] 


Eai” E? cel = 


© cell [Ag?}? 
(Activity of Zn(s) and Ag(s) = 1) 
> Q = 2+- , 0.059 
sio log [Zn ]+ ; log (Ag? 


Therefore, E e will decrease when [Zn? "J increases, 
[Ag®] decreases. 


b. If[Zn2*] = 0.01 M and [Ag] = 0.02 M 


0. 
P -1.56 y — ®5? Io 01 


cell 2 08 (0.02) 


= iier 


[log 25] 


= iey 


A [2 log 5] 


=1.56V— 0.059 


= 1.56 V — 0.059 x 0.7 
=1.56 — 0.0413 = 1.5187 V 


e i Ey =0.0V, F°_, =1.56V 
> 0.059 
Een = E cell — 5 log Ozel 

E 0.059 

0.0 = 1.56 — 5 L08 Qoen 
2x 1.56 

log Q = £228 | 52.88 

cell 0. 059 ee 


Qo, = Antilog (52.88) = 7.586 x 10% 


* Beet = 0.97 V, EO = 1.56 V 
Ezen = i 2 ~ 


cell — 


log Qei 


Sans Antilog (20) = 1020 


x 2x 0.7 (log 5 = 0. 


Electrochemistry 3.21 


, potential of the following half-cells | cells: 
| M) || Fe?* (0.01 M) | Fe 


ate 
la c a (0. 
‘on E’ cpt | Cr sis ¥ BM pe2t | Fe =—0. je 
„0 + BIOs o (aq) + 3H,0 —> Br® (aq) + 6OH(aq) 


pe E Bo; iB) re 
0.17 7.5 x 10° M; [Br°] = 5.0 x 10-3 M, pH = 9.0 


3 
agl Ag? (0. 1 M) | Cl? (0. 02 M) | CL, (g) (0. 5 atm) | Pt 
pe Eag ap TOSO E9 (C 1201 2 1.36 V 
ha NO; )(aq) + + 2H® (aq) + Ee ——> NY +H,O 


lg Given: E“ No,© |NO, SUY 


that will be the reduction potential of the half cell in neutral 
) 


ion? Assuming all the other species to be at unit concentration. 


o Anode reaction: 
Cr(s) —> ce (0.1 M) + 36 ]x2 
Cathode reaction: 
[2e + Fe** (0.01 M)—> Fe (s)] x 3 
Cell reaction: 


2Cr(s) + 3Fe2* —> 2Cr3* + 3Fe(s) 
ES cell (E9 dioe —(E z 


=—0.44 — (0.74) = 0.3 V 


edinin 


Using Nernst equation: (71,1, = © ) 


0.059. [Cr f 


= E? -= log — 
cell ő 8 Fe” f 


E 


cell 


Note: Take 0.059 ~ 0.06, and activity of Cr(s) and Fe(s) is unity. 


pzy _2%6 iog ON 
6 ° (0.01) 
0.10.1 
= 03V-0.01log à 


=0.3 V -0.01 [log 10°] 
=0.3 V —0.01 x 4 = 0.26 V 
b. Using Nernst equation: (7, = 6, take 0.059 = 0.06) 


> Ü Br] (OH 
E= ge. 206 jog (BOUT 
6 [BrO, ] 


| 
(PH = 9.0, pOH = 14-9 = 5, [OH] =10° M. 
Activity of H,O =1) 


E © 
(Br0,° |Br®) = E7 (pro,° | Br?) 


= 6 
0.06 „50x10? x00 MY 


~~ 08 25x10°M 


0.61 V—0.01(log 2 x 10°) 


~ (0.61 V—0.01(0.3 — 30) (log 2 = 0.3) 
= 0.61 V—0.01 x (-29.7) 
= 0.61 V + 0.297 V = 0.907 V 
c. Anode reaction: 2Ag(s)——> 2Ag® (0.1 M) + 
Cathode reaction: 
Cl(g) (0.5 atm) + 26° —> 2C 1° (0.02 M) 
Cell reaction: 
2 Ag(s) + Cl,(g) (0.5 atm) —> 
2 Ag® (0.1 M)+ 2Cl® (0.02 M) 
= reduction) E (E° eductions 
= 1.36 V - 0.80 V = 0.56 V 
Using Nernst equation: (n,,,, = 2, activity of Ag = 1, take 


E cet 


0.059 = 0.06) 
72 r072 
i ] 
Figg FP gy -tK tog AEE LCT 
(Pc (gy) 
B (0.1)? (0.2) 
Esai = 0.56 V — 0.03 to Sau 


= 0.56 V —0.03(log 8 x 104) 
= 0.56 V —0.03(log 23 + log 10%) 
= 0.56 V — 0.03(3 log 2 — 4) 
= 0.56 V —0.03(3 x 0.3- 4) 
= 0.56 V + 0.03 x 3.1 V 
= 0.653 V 

d. pH of neutral solution = 7 ~. [H®] = 107 M. 

n = 1, concentration of [NO,] = [H,0] = [NO,°] = 1 
0.059 NO, |[H, 
E” wo,® iNo») DE g we aad 


= 0.78 V- 0.059 log ——> 
ao’) 


(log 2 = 0.3) 


E~o,° | NO,) ~ 


= 0.78 V — 0.059 [ log 10!4] 
= 0.78 V — 0.059 x 14 
= —0.046 V 


The solution of CuSO, in which Cu rod is dipped is diluted to 


10 times, the reduction electrode potential will: 
a. Decrease by 0.03 V b. Decrease by 0.059 V 
c. Increase by 0.03 V d. Increase by 0.059 V 


Wail)» 


Cu2* (aq) + 2e —> Cu (s) 
Using Nernst equation initially. 


0.059 l 


E® ji - og —_—— 
C 2 
les 2 [Cu * Jinitial 


E(cu2+/Cu)initial ~ 


Using Nernst equation after dilution. 


———— 
——— 


— 


059 
= E® 2+ T Lc 
Ecu2t | Cu)final (Cu |Cu) 2 
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8 2+ 

[Cu ginal 
(Eqy2+ | Cu) final E (Eqy2+ | Cu)initial 

2+ 
59 [Cu ginal 

_ 0.0 jog Lina. 
- ` [Cu * Jinitial 


2 


03 V. 
Reduction potential of the electrode decreases by 0 


For the cell: 
TITE (10° M || Cu2* (107! M) | Cu 
E_,, can be increased by | 
a Danced [Cu2*] b. Decreasing [T1®] 
c. Increasing [Cu**] d. Increasing by [TI®] 


ED ©. ¢) 


Anode reaction: 
Cathode reaction: 


Cu2* (107! M) + 2€ —> Cu(s) 


Cell reaction: 


ITs) —> 2TI9(10-3M) + 26° 


2TI(s) + Cu2*(10-' M) —> 2TI9(103 M) + Cu(s) 


mr 


= _ 0.059 log 
[Cu**] 


=E ait 7 


= Fag log (TIP + 9 tog fcu] 


= E° an — 0.059 log [TI] + 2-059 


log [Cu*] 
Ex, can be 
[Cu]. 


A zinc electrode is placed in 0.] M so 
Assuming salt is dissociated to the 
The potential of this electrode at t 


(E° 252 | zn = 0.76 V) 


increased by decreasing [T]®] or increasing 


lution of ZnSO, at 25°C, 
extent of 20% at this dilution. 
his temperature js: 


a.0.79V b.079y c. -0.81 V d. 0.81 V 
BFD ¢. (2n?*] 01, 2 _ 0 
fa 02 M 

Half cel] reaction: 
Zn** (0.02 M) + 2e —, Zn(s) 
Ean? |Zo) TE an |Zn) R log —— 

2 [Zn] 

= DRG Se I 
2 0.02 M 


= a TO 


059 sa 
E (log 50) 


0.059 
= -0.76 V -~—>~ (log 5 + log 10) 


\\ 


0.059 | 

-0.76 V —-—— (0.7 +1) | 

á 2 logs, 0 
9 

N d 


| 


= —0.76 V — 


} | 
= —0.76 V — 0.03 x 1.7 


= —0.76 V — 0.051 V 
=—0.811 V 


m excess of Zn is added to 1.0 M solution of CuSO, fing i 
concentration of Cu?* ions at equilibrium. 


Given: E° Zn | zn) ~ OTON 


E? cut | Cu) = 0.34 V 


Spi.) At equilibrium, E e = 0.0 V and reaction Coefficier 


Q= Koy 


ES cell (E° (E9 


= 0.34 — (—0.76) = 1.10 V 
At equilibrium, 


MER A E reduction) a 


0.059 
cell ` Dea log Kig 
log K, = E en nen _1.10x2 
i 0.059 0.059 
= 37.30 
G Ka = Antilog (37.30) = 2.02 x 1037 
(Antilog of 0.30 ~ 2) 


Let a M is [Cu?*] at equilibrium 


Zn(s) + Cu*(aq) === Zn +0 
Initial cone, œ 1.0 0 ù 
Final conc., 00 fuk a a 


Note: Zn is in excess, so [Zn] = w 


2 
k a paal 
Since the v ig vt 


alue of equilibrium constant (2.0 x 10°”) 
Activity of Zn(s) and activity of Cu(s) = | 


=>—_ = 


= 


l-a 


high and 


eq 


Siegal 


~ z 


_ -38 

Ka 20x107 75x10 M 
2+ 

= [Cu ka= (l -a)= 5 x 19-38 M 


| i ; 3- Si 
of ction potential of AsO " | AsO,° in a solution 
| TA ib of 0.1 N solution of Nal is added to 20 mL of 0.1 


| ane" <0 solution at pH = 5. The standard reduction potential 


Half cell reaction: 
Ae , As0, + 2¢°—> AsO,° + 2H,0 
= FO 
F asoa 18802") E“ As04™ | As07°) 
NE 

©) 
= es ae ) 

2 "AsO, Hey) 


gqof AsO, = 20 0.1 =2 
apat = 18x 0.1 = 1.8 
Therefore, 1.8 mEq of I® reacts with 1.8 mEq of AsO,> to 
give 1.8 mEq of AsO,°. 
sq, mEq of AsO,* left = 2 — 1.8 = 0.2 mEq. 
Total volume of solution = (18 + 20) mL = 38 mL 
Hence, [ASO i, T ozea, [AsO,°] = mkg 
pH=5 > [H®]=10°M 
Substituting the values in Eq. (1), 
E aso, | As0,0) = FO (As0,™ | As0,°) 
E n og 150l 
[As0; ][H"] 
0.059 (1.8/38) 


= ONY- OB Tay a 
bati F TID 
(2) ) 


gpg 8? or 1.8 


J 0.2x10”° 
= 0.70 V - “= (log 9 + log 10°] 
= 9.70 V - = [2 log3 + 20] log 3 = 0.48 
=-0.70 V — 0.03 [2 x 0.48 + 20] 
=-0.70 V — 0.03 x 20.96 
= (-0.7 - 0.6288) V = -1.328 V 
<. Hence E = —1.328 V 


»“(AsO4> | AsO2”) 


Calculate the potential of the following cell: 
Ce** (2M), ||Cr’* (1M), 
Ce* (1M) |Icr,0,2> (2M), H? (1M) 


Pt(s) Pt(s) 


Given: _ 
F Fo o | Ce4+ =-1,7 V, E? C07 | crt =] K V 
(Take 0.059 ~ 0.06) 


E oest oe = -1.7 V F 
(Standard oxidation potential va 


S 
0, EO cet o3 = 1.7 V 


ag eon potential value). 


lue). 


Electrochemistry 3.23 


and E° Cr,0,7 Ch 1.3 V , 
(Standard reduction potential value). 
Anode reduction: 
6Ce* (2 M) —> 6Ce* (1 M) + A 
Cathode reaction: 
14H® (1 M) + Cr,0}% (2 M) + é — 
2Cr* (1 M) + 7H,0 
Cell reaction: 
6Ce?* (2 M) + 14H® (1 M) + Cr,0,7 (2 M) —> 
6Ce* (1 M) + 2Cr (1 M) + 7H,0 


E> ar (E E é E (E° eduction a 
=1.3 V -1.7 V = -0.4 V 


ee 0.06 Ge Pier T 
E cet 7 E” cos oe og — 
6 [Ce*] [H”] [CrO J 
6 2 
spay -0.01log PO _ 
(2) (1) (2) 


= 0.4 V — 0.01 (log 27) 

= 0.4 V -0.01 (—7 log 2) 

= (-0.4+0.01 x 7 x 0.3) V 

= (0.4 + 0.021) V =-0.379 = -0.38 V 


Explain the construction and working of Westron standard cell. 


Ss dL.) Westron cell consists of an H-shaped glass vessel with two 
platinum leads in its two arms at the bottom. 


The positive electrode is mercury covered with a paste of 


mercurous sulphate (Hg,SO,) and Hg. The negative electrode 
consists of Cd-Hg amalgam containing 12% to 24% Cd by weight. 
Some crystals of 3CdSO 48H,O are kept over the electrodes and 
the remaining portion is filled with a saturated solution of CdSO,. 
The ends are then sealed. This is represented as: 


Cd (Hg) | Cd? (Saturated) || Hg,SO,(s) | Hg 


Westron cells are reversible and are not damaged by the 


passage of current through it. Their EMF does not vary much with 
the change in temperature, 


The reversible reaction that occurs in the cell during its 


operation Is: 


Anode reaction (from amalgam): 
Cd(s) > Cd** + 2e 
rO y S Z 
LES cat | cay = 7 9-403 V] 


Cathode reaction: 
Hg,SO,(s) t 2e- —> 2Hg(l) + SO? 
[E® 4,50, | 2Hgl = 0-6153 V 
Cell reaction: 


velreation: OOO 


3.24 Physical Chemistry Se oe Se — = E 
“call i k7 (Eo i ) “Sol. | Fett : 
EO cet ~ (ES reduction’c reduction’a 


Il reaction is: | 
= 0.6153 V — (-0.403) = 1.0183 V. Ce 


Anode reaction 


l — 
Lea) — 5 Cd (aq) te 
2 


Saturated CdSO, 
solution | 
Cathode reaction: 
AgCl(s) + e€ —> Ag(s) + Cl°(aq) 
Cell reaction: 
$8889 <—— CdS0; +H,0 ee 
5 ‘ l f J 2+ 
(solid) —~Cd(s) + AgCl! == Ag(s) + 304 (aq) rog 
Cd amalgam 2 a) 


Temperature coefficient of the cell, i.e., 


(=) =-6.5 x 104 V deg! 
P 


Fig. 3.5 Westron standard cell OT 
OE 
Since the activities of element and solid substants AS = nF (= (Noy = 1) 
(Cd — Hg,SO,) and mercury are unity and [Cd*"] P 
and [S0] in saturated solution are constant and the = 1 x 96500 x (6.5 x 10%) 
standard potential of Ca Cd?* and the standard potential s BN doe? 
of Hg, Hg,SO, | SO,° are also constant, the Een 1s 
constant (=1.0183 V) at 298 K. Pu -2 r(Z) 
— AH 4 
The EMF of Westron standard cell is 1.0153 at 20°C and 1.01807 MoN ae oeson 298 (6.5 x10") 


at 25°C. Calculate AG, AH, and AS for the cell reaction at 25°C. 
NSM For Westron cadmium cell, a ae 
Z) _ (1.01807 — 1.01530) 
P 


AH = -83829.55 J = —83.83 kJ mol"! 


~~ 
NS 5 


= 5.54 x 104 V deg”! PDEs OnE SS rote ne eee eS 
At 25°C, the free energy of formation of H,O({1) is — 56,700 Ca 


\ OT (298 — 293) 
OE - : 
AS =nF =) mol. The free energy of ionization of water to H® and OH 5 
P 19050 cal mol!. What is the reversible EMF of the followin 
= 2 x 96500 C x 5.54 x 104 V deg! cell at 25°C: 
= 106.9 J deg! = 106.9 x 10-3 kJ deg”! NIES 
H, l at Di å 
AG =- nFE = -2 x 96500 x 1.01807 (at 25°C) ae (l atm) [H° ||OH,O,(g), Latm 
= —]96.45 kJ mol”! | | 
AH=-AG+TAS H28) + —O,(g) == H,0() wall 


= -196.45 kJ + 298 x 106.9 x 10° kJ mor! 
= -196.45 + 31.85 = -164.6 kJ mol”! 
M alr(® . AG) = 56,700 cal mol"!, AG, = 19050 cal mot! 
H 


H,O =— H®+ OH ti 


AT ~ Cell reaction 


= 2 7 96500 [298 < 5.54 x 104 — 1.01807] H, == 2H* + w 
= -164.58 kJ mol! = -164,6 kJ mol ! 


| r 


The EMF of the cell: oo oe 
Cd | CdCI, (solution) (1 atm) | AgCI (s) | Ag eee 
is 0.675 ät 25°C: The tenier Or | 
‘ perature coefficient of the cell jc Multipl .. 
= Pie Weed fan e cell is iply Eq. (ii) by 2 i i et 
6.5 x 104 degree. Find the change in heat content and AA a ais 
H 


ent i 
ropy for the electrochemical reaction that occurs when 


l 
2+-0O,+H,O == © 
1 F of electricity is drawn for it. 92 20 2H® + 20H 


2 


‘ig AG | 2AG; 
” : 56700 +2 x 19050 


_ 18600 cal mol l 
_ 18600 x 4.2 J mol 1 (1 cal = 4.184 J = 4.21) 
— 78120 J mol l 

AG = HE cou 

pi=-2 x 96500 CX E 


cell 


78120 J mo 
Ea” 0.405 V 


’ “cc 


Ng rind K_ for the complex: 
jAg(NH,))1" e Ag® + 2NH, 


= 0.8 V and E” pg(NH,))]®\AgiNA, = 0.37 V 


Sd Anode reaction: bE =k Ap? 4 x 


Cathode reaction:[Ag(NH,),]® == bE + 2NH, 


=) 
EX (Ag®/Ag) 


Cell reaction: | [Ag(NH,),]® == Ag? + 2NH, 


Ee cell (E° AR A a (ES fedina 
=0.37 V - 0.8 V = —0.43 V 


log K = cell 
j 0.059 
4 
d a XC04 V 29 95 
; 0.059 
is K = Antilog (-7.22) 
ig 


= Antilog (-7 — 0.22 + 1-1) 
= Antilog (8.78) =6 10° 


The standard free energy of formation of AgCl(s) at 25°C is 
-109.7 kJ mol! and [H® + C19] (aq) is -131.2 kJ mol!. Find 
E” of a cell made up cells, with standard hydrogen electrode, 
and Cl | Ag | AgCl(s). 


fi 


‘Sol, Anode reaction: 5 Hale) —-» H? (aq) + & 


Cathode reaction: 
AgCl(s) + © —— Ag(s) + Cl©(aq) 


Cell reaction: 
i a 
sta) + AgCl(s) —> H®(aq) + Cl°(aq) + Ag(s) 
AO S OOO a a ees 


A,G®= XG®, - 26>, 

= AGO,- AGOR 

= AG? ye + c10) 7 AG? agci) 

= —131.2 — (-109.7) = -21.5 kJ mol! 
—nFE° 


cell 


Electrochemistry i 3.25 
Fe -AG nol 
7 coll nv 


~ 0.2228 = 0.223 V 


The EME of the following cell is 1.05 V at phd W- 
Pt, H(z) (1.0 atm) | NaOH (0.1 M), NaCl (0.1 M) | AgCl(s), Ag(s) 
a. Write the cell reaction, 


b. Calculate pk, of water. 


Anode reaction: 


ty ~i Coa H® + ya 
2 
Cathode reaction 
AgCl(s) + Pa ——» Ag(s) + Cl? 


Cell reaction: 


AC) + AgCl(s) —— Ag(s) + CI? + H® 


BP i> (EP adud zj (ES 
= 0.23 - 0 = 0.23 V 
0.059 


reduction? 


E n= E° 


cell = “cell 7 


log [H] [CIF] 


cell 
ne" | activity of Ag(s) and AgCl(s) = 1, Py, = | atm] 
0.059 


1.05 V = 0.23 - =>% log [H® [CIP] 
K,, =[H° JOH] 
-.[a® yore} = Ae 
[OH] 
1.05 V = 0.23 — 0.059 tog Av LI er = [OH] | 
[OH] =0.1M 
1.05 V = 0.23 — 0.059 log S¥ X91 
0.1M 


(1.05 — 0.23) V = 0.059 [log K] = 0.059 pK, 


0.059 


npk =13.89 


If the oxidation of oxalic acid by acidic MnO,” solution is 
carried out in a reversible cell, then what is the electrode reaction 
and equilibrium constant of the cell reaction. 
Given: 
(©) z 
E (MnO,° | Mn?" 1.51 V 


E (CO, | C,042-) = —0.49 V 


arepa 


3.26 Physical Chemistry f o i 
USON Anode reaction: Co — 2CO, + Pa | x 5 


Cathode reaction 
s€ + Mn0,° + 8H® —> Mn?’ + 41,0] * 2 


Cell reaction: 


5C,0,2 + 2MnO,° + 16H® > 10C0; * 2Mn2* + 8H,0 


E® = (EP reduction ~ (E? veduction)a 
= 1,5] —(0.49) = 2.0 V 
Cell representation: 
Pt, CO4(g) | HxC;0,-H® | H®, MnO,° | Mn?” | Pt 
AG =n ES oy eet = 10) 
= —10 x 96500 C x 2.0 V 
—_193 x 104J mol! 
AG?= ~2.303RT log K, 
_193 x 104 J mol! =-2.303 x 8.134 J K~! mot! x 298 K 
x log K, 
-. log K, = 338.08 
K, = Antilog (338.08) 
TESLI 1 
ne 


3.8.2 RELATION BETWEEN STANDARD POTENTIAL 
OF HALF CELLS CONTAINING A METAL IN 
DIFFERENT OXIDATION STATE 

If two half-reactions having potential £ 1° and E,° are combined 

to give a third half reaction having a potential E°,, then 

AG,® = AG,° + AG,° 
-n,FE,° = -n FE- n, FE,’ 


O= © O 
n,E,® =n E? + nE, 


If egual number of electrons are involved, then 
EPSE r E,° 


Find the standard electrode potential of MnO,” |MnO.,. The 


standard electrode potentials of MnO,’ | Mn% = 1 
: ' = 1,51 Yy 
MnO, | Mn? = 1.23 V. ' ang 


Bol.) Given: 
i. MnO,’ + 8H” +5e ——+Mn*'+4H,0 Jag 
ae . 
ii. MnO, +4H® +2e —> Mn” +2H.0 |AG,” 
2 


Subtracting equations (1) — (ii) gi 
] J] > > a ire 2 i 
es ) give the required equation, 


MnO,° + 4H® + 3e° —> MnO, + 2H,O} AG,9 


ee en ee ee 


rng, 9= a6,9- 6 


(or) Use direct relation: 


(51,51) V - (2x123) V 
g 3 


p9 =1.7V 


In] M HCIO, solution, formal potentials for the different stages 


in the reduction of MnO,” are given. 


MnO,° 0.564V_. M n0,” 2.26 V MnO, 
MnO, 095V_. Mn”? 151V_. Mn2*. 
Calculate the formal potential for the following reactions: 


a, MiO? Mn2* 


b. MnO,2>-—> Mn” 


mT 
AG is additive E AG =-—nFE 
MnO,@ +e —> MnO, | 0.564 | —1x0.564F ..@) 
MnO,- +4H®+2e—>| 2.26 | -2x226 F 
MnO, + 2H,O =-452F (ï) 
MnO, +4H®+e—>| 0.95 | -1095 F0 
Mn?* + 2H,O | 


Mn3* + e —— Mi 


—1x151F ..(w) 


a. Adding Eqs. (i) to (iv), we get 
MnO, + 8H® + Se —> Mn? + 4H,O 
~. AG =~ (0.564 + 4.52 + 0.95 + 1.51) F =- 5EF 


7.544 
E= ma LA 


b. Adding Eqs. (ii) to (iv), we get 
MnO,” + 8H® + 4e —> Mn** + 4H,O 
“ AG = (4.52 + 0.95 + 1.51)F = AEF 


6.98 
Ba SLA 


C Ua ea cells are of two types: electrolytic co ncentratio” 
cells and electrode concentration cells 


3.9. 
9.1 ELECTROLYTIC CONCENTRATION CELLS 


In th . ! 
tie na cells, identical electrodes are dipped in solutions y 
lectusa electrolyte of different concentrations. The source a 

energy in the cell is the tendency of the electrolyt? j 


P solution 0 , 
rom ith the passage of time, the two concentrations 


j pion Thus, at the start, the EMF ofthe cell is maximum 
aqua: 


ally falls to Zeto. | | 
ae fon cells in which the electrode is reversible with 
{l PE 
WE ation. 
age! {0 i M" CA) | M"* (c,) | M(s) 
pee 5) 2+ (pA 3 
" 4g) 20°" CD N Z0 (6) |Z) 
pt, Ha(8) (1 atm) | H® (c,) || H°(c,) | H (8) (1 atm), Pt 
g Fee l 
d. Agis) | Ag® (c,) |l Ag? (c) | Ag(s) 


ration cells in which the electrode is reversible with 
cen ( 


g ctto anion: 
i a. PCI) (1 atm) | C19 (c,) || CIO(C)) | Cl,(g) (latm), Pt. 
f reactions are as follows: 


Mes) => Mc) + ne 
Cathode reaction: Mee) + nE EE Mey 


The two hal 


anode reaction: 


Cell reaction: Me —> M™(c,) 


Note: For concentration cell, E9 ey =0V 


c 0.059 
Eal = cell F log Oven 


cell 
n+/ 
0.059 og iM" (a) 
Nell [M (c )] 
_ 0.059, M] 
Neel) [M”"" (c )] 


Cu log = (if electrode is reversible 
Neel C2 


"t respect to cation). The cell reaction is spontaneous in forward 


=(- 


In general, E = — 


7 cll is said to be endergonic (i.e., AG = +ve). 


mr of Concentration Cell Made by Using Hydrogen 
tlectrode 


Cell representation: 

Pt, H (g) (1 atm) | H%(c,) | H® (Cy) | H,(g) (1 atm), Pt 
yA — 2H’) 2 
Cathode reaction: 2H® ( Cy) + uw — BAD) 

ii Jee 


2° (om 2%) 


Anode reaction: 


Cell reaction: 


_——— 


4° (cI 
i 76. 0.059 R [H_a 
cell cell 2 8 [HP (c j 
= 0- &059 < 2 flog H® (cı) — log H (c2)] 
2 


= -0.059 [pH(c,) — pH(c,)] 


f higher concentration to that of lower 
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In general, Eq of hydrogen electrode is: 


E cet = -0.059 (PH cathode 7 PH node? 
or 


= 0.059 (PH node ~ PH cathode) 


3.9.2 ELECTRODE CONCENTRATION CELLS 


In these cells the potential difference 1s developed between two 
similar clectrodes at different concentration immersed in the same 
solution of the electrolyte. For example, two hydrogen electr odes 
at different gas pressure in the same solution of hydrogen 10n 


constitute a cell of the following type: 
Pt, H,(g)(p,)| HCI (1 M) | H,(g) (p2), Pt 


HE (p) — M M+ 


Cathode reaction: WÉ (1 M) + 2E —> Hg) (pə) 


Anode reaction: 


Cell reaction: H,(g) (p,) — H,(g) (P2) 


0.059 lög P 


Pi 
P2 


= E° 


cell — 


0 log 


_ 0.059 
2 


0.059 
Ss log fs 
2 Pi 
0.059 log P 
P2 


The concentration cell is spontaneous or feasible or exergomic 
(AG = -=ve), in forward direction if p, (LHS) > p, (RBS). 


EMF of the Concentration Cell Formed by Coupling an 
Electrolytic and Electrode Concentration Cell 


The cell representation of a concentration cell made by using 
hydrogen electrode is as follows: 


Pt, H,(p, atm) | H® (M) | H® (M) | H, (p; atm) 
Anode reaction: 
H, (p, atm) — 2H WAD + 2° 
Cathode reaction: 


2H®(M,) + 2€ —>H, WP, atm) 


‘ ` 0.059 (Pu ’ Veathodel t l REA 
E pi lop -h ee 
cell cell 5) 


° py) 
m (Pru, ar a cathode 


0.059 (HF oge — O059 (Prr, Deathode 
— log ay —— log —2 
i | Hl | cathode = ( Pu, Vanode 
/ 0.059 (Pu, Veathode 
0.059 (pl L thode pl l inode ) ~ log z ` > 
À p) 
= (Pu, Janode 


, (Puy anode 


l 
= 0.059 rts E PH cathode ) + zlog 


( Pu, \cathode 


IRA Physical Chemistry 


Kind the EME of the concentration cell represented as given 
below: 


M, Ul, 2 atm) |N 804(0. si | Sida Pt 


Anode Cathode 


Sol,” E a Will be positive only when 
ya) NTE A á S 
[H leathode [H lands and (Pii anode “ (Pr1,)eathode 


So in the above case, Æ will be positive, and cell will be 
spontancous or feasible or exergonic. 


[H°) 2x 0.01M=2x 102N 
(n factor for H,SO, = 2) 


2-0.3=1.7 
(n factor for HCI = 1) 


anode 
= —log (2 x 10) = 


=1x0.1M 
-log (10"') = 1 


pH anode 


[H°] 


cathode 


Phi 
Use the relation, 


Eoi = 0.059 (PH anode ~ PH cathode) +5 og iamo 
(Py, ) cathode 


anf soe: ne 


ah 0059{ 0.7+ Log 


= 0059{ 07 + ; x 03) = 0.059(0.7 + 0.15) 


= 0.059 x 0.85 = 0.06 x 0.85 = 0.05 V 


Calculate the EMF of the following concentration cells at 30°C 

and predict whether the cells are exergonic or endergonic. 

[Assume Kw does not change at 30°C] 

a. Pt | H,(g) (1 atm) | H®(10% M) || H® (104 M) | H(g) 
(1 atm) | Pt 

b. Pt | H,(g) (1 atm) | NaOH (10 M) || H® (10° 
(1 atm) | Pt 

c. Pt| H,(g) (1 atm) | H,SO, (0.05 M) || KOH (10° M) | H,(g) 
(1 atm) | Pt 

d. Pt | H,(g) (1 atm) | CH,COOH (107 M) || CsOH (10° M) | 
H,(g) (1 atm) | Pt (pK, of CH, COOH = 4.74) 

e. Pt| H,(g) (1 atm) | H,0 || HCI (10M) | H,(g) (1 atm) | Pt 


H, (g) RbOH |/H,(g) 
(latm) (10°M)| |(1atm) 


M) | H,(g), 


f. |Pt NH, OH (10°M) 


g. Pt|H, (g) |CHyCOONal |NH,C1(0.4M)| H, (g)|Pt 


(latm) (10 'M) + (latm) 
m NH,OH 
CH;,COOH |} (0.2M) 
(102M) pK, of 
DK, of NH,OH 
CH,COOH|| =474 
= 4.74 


RT 
Note: At 30°C, the value of 2,303- F =0),06, 


anode OF PH cathode “pH 


a. [HO] 
Anode 


So EMF of the cell will be positive and the ¢ 

spontaneous or exergonic (1.¢., AG = — yg ) 

(pH), = 4, (pH), = 6 

Egg = -0.060 (pH, - pH,) = -0.060 (4 - 6) 4 

b. (pH), = 5, (POH), = 4, or (pH), = 14~4 = 19 

Since (pH), < (pH), so EMF of the cell Will be 

and the cell will be spontaneous or eXergonic sitiye 
-e Eren = -0.06 (pH, - pH,) = -0.06(5 ~ 10) ~ = 034 
c. Since [H,SO,]=[H®], = 0.05 x 2 (n factor) 

=0.1N=10'N 

pH, = 1, POH), = 3, pH, = 14-3 =1] 

Since pH, > pH,, so EMF of cell will be Negative ay 

the cell will not be feasible or non- -spontane 

endergonic (i.e., AG = +ve). 

E e17 —0.06(pH, - pH,) = -0.06(11 - 1) =~ ¢ y 


d. CH,COOH is weak acid and CsOH is a strong base. 
Thus, pH „a= (0K, 


> [H°] 


cathode 


Nyy 


OUS op 


- logc) 
l 2 
= 5 (4.74 log 10) 


l 
=g AEs 3.37=pH, 


(POH), = 3, > pH, = 14-3=11 

Since pH, > pH,, so EMF of cell will be negative and 
is endergonic. 

E e1 = —0-06 (pH, - 


cell 


pH,) = -0.06 (11 - 3.37) 
= -0.06 x 7.63 
=-0.457 V 

e. pH of H,O =7 = pHa 

pH, = 3 

Since pH, < pH,, EMF... 

E e1 = -0.06 (pH, - pH,) = -0.06 (3 - 7) = 0.24 V 
f. NH,OH isa = base and RbOH : a strong base. 


= tye, cell is exergonic. 


cel] wilg 


Thus, pOHy, = L OK, - logC) == Y 74 — log 10°) 
= 337 
pH, = 14- 3.37 = 10.63 
(pOH), = 3, > pH, = 14-3=11 a 
Since pH, > pH,, therefore, EMF 4, = -Ve cell wi 
endergonic. 
E e1 = -0.06 (pH, — pH,) =-0.06 (11 - 10.63) 


= -0.022 V 
g. Mixture of CH,COOH (W,) and salt of W,/Sp 
(CH,COONa) is an acidic buffer. Thus, 
og B 
[Acid] 


-P Heid buffer 7 PK, t 


A 


3.29 


Electrochemistry _=*= 
a 10! +, pH, = 8.37 
= 4, log l 
ale 10° NH „NO; is a salt of Wp/S4 . Thus, 
= 4.74 + 1 = 5.74 oH. = LOK, _ pK, - log ©) 
l of NHOH (Wp ) and salt of W,/S, (NH,Cl) is 
ji M puffer, i = 2 (14 - 4.74- log 0.2) 
sa = pK, + log Sal : 
+ poH pasic buffer 7 a ~ [Base] = 1 [14 — 4.74 — log 2% 10 1 
2 
7 0.4M 
= IEE TON = 5 (4- 4.74 — 0.3 + 1) = 4.98. 
= 4.74 + log 2 


Since pH, < pH,, therefore, EMF oy = TV and the cell 


will be exergonic. 
E. 4 =- 0.06 (pH, - pH,) = -0.06 (4.98 - 8.37) 


= 4.74 + 0.3 = 5.04 
_ pH, = 14- 5.04 = 8.96 


| Since ph. pH, = 0). 06 x — 3.39 
| + EMF an = _ve, cell is endergonic. = 1). 2034 V 
| g_ = 0.06 (PH, — PH,) = —0.06 (8.96 — 5.74) b. CH,COONK, is salt of W,/W and its pH is independent 
=—0.06 x 3.22 of the concentration. 
= | 
vie +. pH,= 5 (PKy, + PK, ~ PK) 


= 5 (14+4.74—4.74)=7 
calculate the EMF of the following concentration cells at 30°C 


ang predict whether the cells are exergonic or endergonic. CH,COONa is a salt of W,/Sp, 


1 l 
, p/H (@ |CH;COONa |NH,NO; (0.2 M)| H, (g) |Pt n pH,= 5 PK, + pK, + logc) 
| 2 K,, of , 
Ta TENE a a ee = L (14+ 4.74 + log 10°}= 7.87 
pk, of = 4.74 l 2 
CH.COOH Since pH, > pH, | . 
i *. EMF g wE and the cell will be endergonic 
| whe < E.,=~0.06 (pH, — pH,) = -0.06 (7.87 - 7) 
b. Pt} H, (g) |CH;COONH, CH,COONaj H, (g) |Pt -= 0.06 x 0.87 
(1 atm) pK,CH}COOH =|(10°M) (1 atm) = 0.0522 V 
pK, of NH4OH c. CH,COOH is a weak acid (W4). 
-474 Thus, pHa = = (PK, ~ log c) 
«. Pt! H, (g) (CHCOOH |NH,OH(10°M)| H,(g),|Pt a 
(lam)\(0.1M)  |pK,= 4-74 (1 atm) s Cbd =e: 
| pK, -AJA NH,OH is a weak base (Wp). 
l : 
d. Ag (s) | Ag® (0.1 M) || Ag® (1 M) | Ag (s) Thus, POH y, = (pOH), = 5 Pe - log c) 
e Pi|Cl,(g)|C1° (10M) ||C1° a0? M) Ci |Pt = + (4.74 - log 10°) 
(1 atm) (J atm)| j 
f. Ptic] 21193 oA M Pt =331 
) 2(B)|CI” (10M) CP (10° M) Cl, (8) Thus, pony, =pH, = 14- 3.37 = 10.63 
am (1 atm) Since pH, > pH, therefore, EMF |, = —ve, and the cell 


will be endergonic. 


Sol RT 
Note that at 30°C, the value of 2.303 eg =().06. E, „= 0.06 (pH, - pH,) = -0.06 (10.63-2.87) 


= —0.06 x 7.67 
a. CH ~ j W,/Sp: Thus 
a is a salt of - 9.4656 V 
~ 5 (Ky + pK, + log c) d. Anode reaction: Ags) —> Ag® (0.1 M) + É 
1 Cathode reaction: Ag® (1 M) + A —> Ag(s) 


= — (14 + 4.74 + log10 2) 


N 


Cell reaction: Ag® (1 M)—> Ag® (0.1 M) 


— 


= ` (144 4.74- 2) =8.37 


N 


—— 


O 


3.30 Physical Chemistry = +ye and 
[Agf], therefore, EMF e1 ba 


since TAL h” 
the cell will be exergonic. 


0,06 
E~ cell ~ log 
e 


ie | 
0-—— loa 4 


-1] =- -1 =0.06 V 
E p“ 000 [log 10" ] 0.06 x -1 ) 


e. Anode reaction: 
ace (102 M) Chiam) + w 
Cathode reaction: 


ChHT) + x — 219 (10°? M) 


Cell reaction: 
7 CIE (10° M)—> 2C1° (10° M) 


Since [C19], > [CiS] 
Therefore, EMF e 7 -VE and the cell will be endergonic. 


5 0.06, [CP]? 
Ecen = i Neel i er ° 


-2732 
0.06 159 aor’ 
2 7m 


= x2log10 =—0.06V 


= Hem 


Note: In case of negative ion, e.g., CI° ion, EMF „„ų is positive 


when [M=], < M=]; and (p,), > Pp) whereas in case of 
positive ion, e.g., Ag” ion, it is reversed, i.e., when [M**], > 


[M=], and (p,), > (P2). the EMF „e is positive. 
f. Anode reaction: 
2CI® (10-3 M) —> CL (g) (2 atm) + 26 
Cathode reaction: 
CL(g) (1 atm) + 2“ —> 2C1° (102 M) 


Cell reaction: 2CI° (10% M) + CL (g) (1 atm) —> 
2C]° (10° M) + C1,(g) (2 atm) 


O72 
0.06, (CHIL 


E =EF „— 
cel] cel] 8 5 
Meel [CI] hlo, lk 
—2\2 | 
= o- 206 10-2)? «2 atm 


g 
2 (10°)? x1 atm 
0.06 
anne [log 107 x 2] 


0.06 
= -27 [2log 10 + log 2] 
= —0.03 [2 + 0.3] =—0.03 x 2.3 =-0.069 V 


cell 1S positive, if [C]2] > © 
a [C19], > [C19], and (Por) > 


The EMF 


k j! ok It is an 


ATI CTN 
M PIL } 


of the following cell is 0.180 V at 30°C, 
H SO, | H3(g)|Pt(s) 
(0.05 M)} (1 atm) 


HA 
(100 mL,0.1M) 


H, (g) 
(1 atm) 


Pt(s) 


Find EMF en when 
a. 40 mL of 0. 
the battery. 


the battery. 


c. 50mLo 
positive terminal of the battery. 


electrolytic concentration cell. 
RT ge 
Note: The value of 2.303 r = 0.06 at 30°C. 


[H,SO,] = (0.05 M = 0.05 x 2 (n factor) 


=0.1N=10'N 
pH, =-log (107! N) = 1 
pi =] 
E__ =-0.06( pH, — pH,) = —0.06 (1 — pH,) 


cell 


0.180 V = -0.06 (1 — pH,) 


0.180 
= +1=4 
Pa~ 006 
>. [H®], = 104M 


Since HA is a weak acid (W,), 
l 
n pE = pH g" z (pK, — log C) 


1 
tmo n log10~') 


pk S7 


a. When 40 mL of 0.2 M NaOH (= 40 x 0.2 = $ mmo!) i 


added to a weak acid, acidic buffer is formed. 


HA + NaOH —-> Nad + H0 
Initial 100 x 0.1 8 mmol 0 i 
conc. = 10 mmol 
Final 10-8 (8-8) 8 mmol 
conc. =2 mmol =0 


Total volume = 100 + 40 = 140 mL 
[Salt] = [Naa] = Smmol 


140 mL 
9 
[Walon = [HA] a = > oe 
e 140 mL 
a Salt 
pl L PH acidic buffer PK, i log a 
= 7+ log L 
2/140 


= 7+ loy 
=7+2x0.3=7.6 


2 M NaOH is added to the negative terminal m 
50 mL of 0.2 M NaOH is added to the negative termina] A 


F0.2 M NaOH is added to 100 mL of H,SO, at th 


D 


Thus, 0.06 (pH, - p} 1) 
Erell -0.06 (1 _ 7.6) 
0,06 x -6.6 = 0.396 V 
when 50 mL of 0.2 M NaOH (= 50 x 0.2 = 10 mmol) is 
" „dded to weak acid (HA), salt of W,/S,, (NaA) is formed, 
f HA + NaOH —y4 NaA + H,O 


initial 100 x 0.1 10 mmol 0 0 
cone. = 10 mmol 
Final 10-10 (10 — 10) 10 m mol 
cone. =0 =0 
_ 10 mmol ek 
A Naal Tso mL 15 


Thus, pH of a salt of W,/S, is given by: 
l 
pH, = PHsanw,/Sg ~ p (PKw + pK, + log C) 
[pK, of HA = 7, from part (a) above] 


l l 
pH, = {i + 7+ log | 


(21+ log 1— log 15] 


II 


wile Nil” 


(21+ 0—log 3- log 5) 


(21—0.48 — 0.7) = 9.91 


N |e 


Thus, 
E si = ~0-06 (pH. ~ pH.) 
=—0.06 x (1 — 9.91) 
=—-0.06 x (-8.91) = 0.5346 V 
When 50 mL of 0.2 M NaOH (= 50 x 0.2 = 10 mmol 


= 10 mEq) is added to 100 mL of 0.05 M H,SO, to the 
positive terminal of battery, then 


mEq of NaOH = 10 
mEq of H,SO, = 100 mL x 0.05 x 2 (n factor) 

=10 
When 10 mEq of H,SO, reacts with 10 mEq of NaOH, 
a salt (Na,SO,) of S,/S, is formed, which does not 
hydrolyze. So pH of such solution is = 7. 
pH.=7 
pH, =? 
HA is a weak acid whose pK,=7 (determined in part (a) 
above) and [HA] = 0.1 M = 107! M. 


Thus, PH A = > (pK, —logC) 


E e11 = -0.06 (pH, — pH,) 
= 0.06 (7 — 4) = 0.06 x 3= 0.18 V 
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A hydrogen electrode placed in a solution containing CH,COOK 
and CH,COOH in the ratio of a : b and b : a has electrode 


potential values of -1.59 and +1.0 V, respectively. Calculate 
PK, of CH,COOH, 


ISA Mixture of CH,COOK (salt of W,/S,) and CH,COOH 
(W,) forms acidic buffer solution whose pH is 

[Salt] 

[Acid] 


PH acidic buffer — PK, T 
a , 

“. E q) = -0.059 pH, = ~ 0.059 pk, + log z (i) 
E a i b . 
2(H,) — ~0.059 pH, = — 0.059 pK, + log z ses It) 


Adding Eqs. (i) and (ii), we get 


E, +E, = —0.059 | px, + log z - 0.059 pk, + log 4 


=-2 x 0.059 pK, 
_ (E +E) _ -1.59 +1.0) 
a -2x0.059  2x0.059 
© 059 | 
~ 2x0.059 _ 


«pK =35 


Calculate the charge on mercurous ion and its magnetic moment. 
EMF of the cell given below is 0.0295 V at 25°C. 
0.01 M mercurous ||0.1 M mercurous | 


Pt, Hg(1) |nitrate solution nitrate solution in| Hg(1), Pt 


in 0.1 M HNO, 0.1 M HNO, 
‘Sol, ` The given cell is an electrolytic concentration cell. 
5 
E een = E” = 0.059 log (Clanode_ 
Neel LC) athode 
059 
= 0 = 0 05 log 0.01 
Noell 0.1 
0.059 
“cell 0.0295 


. » ` Y CSP 
Thus, charge on mercurous ion (Hg,~*) is +2. Hg,~~ exists 
as Hg®-Hg® and its magnetic moment is zero since there 
is no unpaired electron present in it. 


3.10 VARIOUS TYPES OF HALF CELLS 


a. Metal in contact with its ions 


A metal (M) is contact with its ion (M”*) is represented as M/ 
M”* when it acts as oxidation electrode (anode) and M""/M 
when it acts as reduction electrode (cathode). Whether a 
given electrode acts as anode or cathode depends upon the 
other electrode with which it forms an electrochemical cell. 
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For example, 
i. Ag(s) | Ag® (aq), (acts as oxidation electrode) 
(or) Ag(s) —> Ag® (aq) + e 


E_, = E® „y — 0.059 log [Ag*] 


cell ~ 


ii. Ag®(aq) + e —— Ag(s) 


5 l 
E el = E cell = 0.059 log [Ag] 


Note: Symbol “|” denotes the phase separation between the 


two electrodes. 


b. Gaseous electrode 


Gases such as H, and Cl, ca 


loosing electrons and by accepting electrons, respectively. 


For example. 
i. Pt, H, | H® (acts as oxidation potential) 


or =H (g) (1 atm) —> H®(aq) + e 


o 0.059 
E cn —— — 8 [H°] 


cell 


= 0 + 0.059 pH 


ii. H® | H, (g) (1 atm) (acts as reduction electrode) 


H®(aq) + e-—> > H,(g) (1 atm) 


> 0.059 Eo 
Egy = EPa 8 a 0 — 0.059 pH 


Cc 


iii. Pt, Cl, (g) (1 atm) | Cl® (aq), (acts as oxidation electrode) 
CI® (aq) —> 5 Chie) (1 atm) +e 


=- 0.059, 1 
el) — —— log — 
l [C1] 


iv. Cl? (ag) | CL(g) (1 atm), Pt (acts as reduction electrode) 
e +10, (g) (latm) —> CI® (aq) 


A 0.059 „ô 
E17 E cell a eee | 
c. Calomel electrode 
A calomel electrode consists of Hg covered with Hg,Cl, 
(mercurous chloride) (calomel) in contact with a solution 
of KCI (Fig. 3.6) 


n act as anode and as cathode by 


. Metal-insoluble salt anion electrode, e.g., 


Pt wire 


ULEI 
| E S 


hhh 


NARA 
Ltl huhhh 


Mh ph Ly Ap App ay 
traitor 


Wy! 


===| Saturated 
| = =e === KCI solution 
t Coa 
badze Hg>Cl, and Hg paste 


Fig. 3.6 Calomel electrode 


Electrode representation: Hg( 1), Hg,CL(s) | CIP (aq) 
Anode reaction: 
2Hg(1) + 2C1° (aq) ==> Hg, CL (s) + 2e- 
E= E? a ~ log l 
ell cell 7 [cee 


C 


Cathode reaction: 
Hg,Cl,(s) + 227 —— 2Hg (1) + 2Cl® (aq) 
~ 0.059 022 

Exe = E” ccl ge log [CI] 

Three types of calomel electrodes generally used are: 

Most common calomel electrode is the standard calomel 

electrode (SCE) in which the concentration of KCl si 

its saturation (about 3.5 M). 

Ecg ~ 0.24 V (with respect to SHE) 

ii. Normal calomel electrode (NCE) in which 1. 
is used (Encg = 0.268 V). | 

iii. Decinormal calomel electrode in which 0.1 N KC! 
used (Epnog = 0.338 V). These electrodes are ven 
handy and can be made easily. 


i. 


ON KC 


Ag-Agt! 


electrode 

It consists of a pure silver wire or sheet in a solution of Kt 
saturated with solid AgCl. 

Electrode represented: Ag(s), AgCI | C1°(aq) (1 M) 
Cathode reaction: 


AgCl(s) + e === Ag(s) + Cl©(aq) 
= 0.222) 


ry = pO 0.059 
eon = Ec — losic] (ES reduction 


9 
Anode reaction: 
Ag(s) + Cl(aq) =— AgCl(s) + e- 


0.059 | 1 


E 
1 — —— log —— 
ce 1 [C10] 


cell 


= Fo 


HÉ): „y-mercurous sulphate (Hg-Hg,SO,) electrode 


pour) : ; 
ist of Hg covered with sparingly soluble Hg,SO "| 


"contact with H,SO, or K,SO, (which is a source of 
s0,") ions. 

| peotrode repre 
cathode reaction. 

)+2e —> 2Hgil) + SO 2 (aq) 


-0.059 
Pei E cell © z 


— 


sentation: Hg(1), Hg,SO, (s) | SO j (aq). 


Hg S046 
log [SO,” ] 


= 0.616 V (with respect to SHE) 


F eduction 

Anode reaction: 

gl) + S0,- (89) — Hg,SO,(s) + 2e- 
_ o _ 0059 l 

Eel E cell — 2 og [50,^] 


i Mercury-mercuric sulphate (Hg-HgSO 4) electrode 


lt consists of Hg covered with sparingly soluble HgSO 4 in 
contact with H,SO, or K,SO, (Source of SO,% ions). 


Electrode representation: Hg(1), Hg SO,(s) | SO,2(aq) 
Cathode reaction: 

HgSO,(s) + 2e —> Hg(l) + SO ra (aq) 

0.059 


Ea“ ESen- log [S0," ] 


Anode reaction: 
Hg(l) + SO,?-(aq) —> Hg SO,(s) + 2e7 
0.059 1 


log 


DEE D E 
me a 180,77] 


Note: Ag-AgC], Hg-Hg,SO,, Hg-HgSO,, and calomel 
electrode are secondary reference electrodes. 
| & Amalgam electrodes 
| Itis a modified type of metal/metal-ion electrode in which 
| metal sheet is replaced by metal amalgam, e.g., 
| Na (in Hg at c, M) | Na® (c, M) and 
| Cd (in Hg at c, M) | Cd% (c, M). 

Cathode reaction: 

e + Na® (C, M) —> Na-Hg 
Eat = fe 0.059 l 


| 
‘as [Na] 


cell Z 
Anode reaction: 

Na (in Hp) — Na® (C, M) + e 
0.059 


| Ean = ECE 


® 
cell — log [Na ] 
The importance of these electrodes lies in the fact that aa 
Metals, such as Na and K which as such would react wit 
Water can be made reversible to their ions by dissolving 


them in merimo 
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h. Redox electrode | 
In this type, Pt wire is dipped in an electrolyte containing 
ions of an element in more than one oxidation state (e.g., 
Fe2tand Fe?* ions). The electrode (inert material wire) acts 
as a source/sink for electrons. 


Electrode representation: Pt(s) | Fe?*(aq), Fe**(aq) 
Cathode reaction: 
Fet (aq) + e —> Fe?* (aq) 


0.059, [Fe**] 


E = E° 9 -——— lo 
cell 1 8 [Fe] 


cell 


Anode reaction: 
Fe?*(aq) — Fe**(aq) + & 


: 0.059 Fe** 
2a E” al "a s 
l [Fe] 


cell 


log 


i. Quinhydrone electrode 
Redox electrodes can also be made by using substances that 
exists in two different oxidation states. Quinhydrone is an 
equimolar mixture of benzoquinone (Q) and hydroquinone . 
(H,Q). 
Electrode representation: Pt | Quinhydrone | H“(aq) 
Cathode reaction: 


O OH 


| 

+ 2H® +2 —> 
| 
O 


OH 
or 
Q(s) + 2H® + 2e —> H,Q(s) 
0.059 l 
— po 
Eel T cell — KE log HP 
= EF n- 0.059 pH 
(E iii = 0.6994 V) 
Anode representation: 
OH O 
ll 
—> Q + 2H® +26 
| 
OH O 
or 


H,Q(s) —> Q(s) + 2H® + 2e- 


P, (©) 
Een = E cen 


a _ log [HF f} 


= Fe 


cell 


+ 0.059 pH 


i. The quinhydrone electrode is combined with a saturated 
calomel electrode to form a cell. It is represented as: 


3.34 Physical Chemistry 


Hg, Hg,CL(s), KCI (saturated solution) || H® (unknown 
ionc) Q, QH, | Pt 


= FO 
EQ, 2H® | H,Q) E (Q, men, ~ 9.059 pH 


= 0.6994 V — 0.059 pH 
E= 04y 


Een = Eg. 2H® | HQ) Eser 

E a = 0.699 V — 0.059 pH — 0.24 V 
0.699 -0.24 - E 
7 0.059 


ii. Limitation of quinhydrone electrode: It cannot be used 
for solution of pH > 8. In more alkaline solutions, 
hydroquinone (H,Q) ionizes appreciably as an acid 
and also gets oxidized partly by atmospheric oxygen. 
This alters the normal equilibrium between quinone and 
hydroquinone which forms the basis of a quinhydrone 
electrode. 
j. Glass electrode 

A glass electrode consists of a glass tube with thin-walled 

bulb 4 at the bottom (Fig. 3.7). For this purpose special glass 

having low melting point and high electrical conductivity is 

used. A solution of 0.1 M HCI, which furnishes a constant 

[HĪ]. is placed inside the bulb and an Ag, AgCI electrode 

or simply a Pt-wire is inserted to make electrical contact 

as shown. The reference electrode employed is usually the 

calomel electrode. 

The functioning of this electrode depends on the potential 

difference across the glass membrane separating solutions 

of different pH. The electrode potential is given by the usual 

type or equation for a reversible hydrogen electrode, e.g., 


pH 


= ] 
E; = E” — 9.059 log 
G G 
[HÊ] 


= E; -0.059 pH 
The cell representation is: 


Pt, 0.1 M HCI | Glass | Experimental solution | KCI (salt 
solution), Hg.Cl,, Hg. 


Glass — Pt wire 
electrode 


Saturated 
KCI 
solution 


-— æ æl m - 


Solution of 
unknown pH 


Fig. 3.7 Determination of PH by glass electrode 


0.1 M HCI 


Calomel electrode 


Since the potential of the calomel electrode is kn 

of glass electrode can be easily calculated and th aa og 
experimental solution is evaluated. The value of os a 
obtained by working with solution of known a c 18 first 


Given: E 


E „= EC; - 9.059 pH 
E = 0.24 V | 


“SCE 
E en = Esce ~ Ëo 


-~ 0.94 V =- (E° g- 0.059 pH) 
=0.24 V -E9 gt 0.059 pH 


The advantages of glass electrode over other electrog, 
It can be used even in strong oxidizing solution. 
interfere even with quinhydrone electrode, 

ii. It can also be used in the presence of metallic " 


i. Ns Whiri 


poisons, etc. 
iii. It is simple to operate and is, therefore, extensively 7 


in chemicals, industrial, agricultural, and biolon;, 
sia! 
laboratories. 


The quinhydrone electrode (Q, H® | HQ) is used in conjunctio 
with a saturated calomel electrode, as represented below- 
KCI (saturated | |H? | 

- Q.H.0.> 
solution) (U nknown) - 
EMF „a = 0.264 V at 30°C. Calculate the pH of unknown solutio 


at this temperature. 
=0.24 V and E> ye amg 79-7 V 


Hg(1),Hg,Cl, (s) 


calomel 


Note that the value 2.303 “= at 30°C = 0.06 | 


= fo 


E 


— 0.06 pH (at 30°C) 


quinhydrone 


E 


quinhydrone 
SE RHS ~ Élus = E wuinhydrone ~ ESCE 
0.264 V = 0.7 — 0.06 pH — 0.24 (at 30°C) 
_ 0.7 -0.24 — 0.264 
0.06 


cell — 


. pH 


= 3.266 = 3.27 


Glass electrode 


Buffer solution Standard 

pH =? calomel electrode 
If the EMF of the above cell is 0.03 V, Esce = 0.24 V.E 

=0.51 V, then calculate the pH of buffer solution at 30°C. 


DT ‘alasy ~ 0.06 pH (at 30°C) 
Esc = 0.24 V 

Tom HB 

=E 


RHS — Ev us 

SCE ~ E is 

0.03 V = i 
V=0.24V— (E® vt as5 — 0.06pH) (at 30° ©) 

=> 0.03 V=0.24 y_ (0.51 — 0.06 pH) 


a = 


a 
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— 
_ 


wA oaae 
pi“ 7 0.06 
i 5 
0.03 -02At 0l =5 


e= 006 


£ 


LATION BETWEEN EMF, 


OLUBILITY, AND SOLUBILITY 


1 
ILITY, AND SOLUBILITY 
‘O DUCT OF A SPARINGLY 
SOLUBLE SALT 
rhe clubility product of a sparingly soluble salt is a kind of 


> jibnu constant. Consider the salt AgX in equilibrium 
agu r 
p its 1ONS ina saturated solution. 
Wl § 


eX) = Ag eD t X°(aq) 


0.8% 0x07 [Ag®] [X°], assuming an ideal solution so 
sagt activities (a) equal concentrations. The above reaction 
the cell reaction for the following cell: 


Ag Ag®X° (saturated solution) || AgX(c) | Ag 


The half cell reactions are: 


Anode reaction: Ag => Ag®(aq) + e 
Cathode reaction: Ag®X°(c) +e === Ag+ X9 
Cell reaction: Ag® (c) == Ag® (unknown) 


+ K°(aq) 


This is a type electrolytic concentration cell is which 
FP = 00. 


pe po. _ 0059 o [Ag*](unknown) _ 
cal Cell (Ag® ] (known conc. c) 
0. ° 
sie = ip = ] 
= 7 


Hence, [Ag”] in LHS is evaluated. 
Thus, K = [Ag®] [X°] = [Ag®? 
and solubility (S) = JK ýp 


: FE? of X® | AgX, Ag half cell is given, then K,, of AgX 
can be calculated by using equation: 


Anode reaction: Ads) == Ag®(aq) +e 
Cathode reaction: Ag*(s) +e == Ag(s) + Xs) 
Cell reaction: Kaxi ce Aa ag) + X%Caq) | 
EA) eee 
E5 2TA P - (E° eduction) 
TE? nex, ag x07 ES Ag | Ag 
Since at equilibrium, E „= 0 
Ea = Ee _ 0.059 log [A 2? | [x°] 


0 = FO. — 0.059 log Kop 
FO „= 0.059 log Kop (1) 


Thus, knowing E® se the Kop of a sparingly soluble salt can 
be calculated. Equation (i) is used when the half cell contains 
electrolyte in saturated solution. 


For galvanic cell, 
Ag | AgCl (s), CsCl (0.1 M) || Cs Br (10° M), AgBr (s) | Ag. 


Calculate the EMF generated and assign correct polarity to each 
electrode for spontaneous or exergonic process at 29 C 


Given: K,, of AgCl = 3.0 x 10°; K,, of AgBr = 4.0 ” 10. 


Soll) LHS electrode 
K, = (Ag® [C19] = [Ag*],(0.1) 
3.0 x 10°19 = [Ag®] (0.1) 


3.0x107° 
0.1M 


-. [Ag®], = =3.0x10° M 


RHS electrode: 

K= [Ag], [B®] 

4.0 x 10-8 = [Ag8], (10> M) 

It is a concentration cell, ~. E9 su = 9. 


Half cell reactions are 


Anode reaction: Ag(s) === Ag*(aq) + e 


Cathode reaction: Ag®(cathode) +e === Agis) 


—— 


Cell reaction: Ag®(cathode) === Ag*(anode) 
Thus, 
o 0.059, [Ag] 
Ecen cell — + os [Agel 
0.059, 3.0x10° | 
ie los = (Take 0.059 = 0.00) 


og ——__ 
l 4x10 '° 
= —0.06 [log 30 — 2 log 2] 
= —0.06 [1.48 — 2 x 0.3] 
= —0.0528 V 
E e = 7ye Suggest that cell is non-spontaneous or 
endergonic (AG = +ve). For spontaneous process, the 
polarity of electrodes has to be reversed, i.e., change anode 
to cathode and cathode to anode. 


EME of the cell 
Ag | AgNO, (0.1 M) || K Br (1 N), AgBr (s) | Ag is —0.6 V at 298 K 
AgNO, is 80% and KBr is 60% dissociated. 
Calculate a. Solubility and 
b. Kin of AgBr at 298 K. 
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Sol. The above cell is a concentration cell. 
n ES „=0.0V 
cell 
The half cell reactions are 


Anode reaction: Ag(anode) —— Ag®(0.1 M) + c 
Cathode reaction: 


Ag®(cathode) +e — Ags(cathode) 


Cell reaction: Ag® (cathode) ——= Ag®(0.1 M) node 


Since AgNO, is 80% ionized. 


80 
`~ [Ag®] = 0.1x —=0.08M 
LAs], 100 
E aE an o9 log [Aela (Take 0.059 ~ 0.06) 
cell cell 1 — [ a 
0.08 
—0.6 V = 0 — 0.06 log 5 
Ag l 
log [Ag®]. = log 0.08 — 10 = (log 2° — log 100) — 10 


= 0.9-2-10=-11.1 
~ [Ag]. = Antilog (— 11.1) = Antilog (12.9 )=7.9 x 10°? 
~§x10'2M 
Since KBr is 60% dissociated, 


“5 60 
r°] = 1x—=0.6M 
o Be]= 100 


= [Ag®] [Br] = 8 x 10712 x 0.6 = 4.8 x 10-!2 M2 


Solubility (S) = ./K,, = V4.8 x10% M 


=2.19 x 10°M 


Estimate the E~reduction for Cu | CuS electrode. 
Given: K „ of CuS = 8.0 x 10- 36. FO 
So. Half cell reactions are 


Anode reaction: 


(Caah 0347 


LE == Cu + 26 
Cathode reaction: CuS+ 26 =— Qh +9? 


Cell reaction: 


CuS == Cu” +S? 


E” a = (EF 7O 
cjl £ reduction) (£ reductions 
= we r) r 
E (Cus Cuj) £ (Cu** | Cu) 
=x (34V 
Cell is in equilibrium, therefore, £ =o 
Le ý 
; 0.059 
„E =E ene 


cell 


cell 5 log [Cu" (8? ] 


_ 0.06 
U= (x-0. 34V) - a log Ka (Take 0.059 « 0.06) 


„Eo = 9:06, 
E cen = y OB Ky, = 0.03 log (8 x 10-36) 


= 0.03 [3 log 2 - 36] = 0.03 [3 x 0.3 — 36] 


2 es See ee —_—— ee 


= 1,03 x —35.1 
“(x — 0.34) = -1.05 V | 
x=-0.71 V 


us | Cu) (standard reduction potential) = _¢ 7, , 


CONCEPT APPLICATION EXERCISE Si 


500 L of a solution 0.1 M in [Au(CN),]> and 9 3 
is [Ag(CN),] was evapourated to one-third of Origin 
volume and was treated with zinc (40 g). Assuming i 
all these redox reactions undergo essentially to completi 
calculate the concentration of [Au(CN), |” and [Ag(Cn, N 
after reaction has ceased. 


Given: 
a. [Zn(CN), 7 +20 —> Zn +4CN° | E? =~) 36. 
b. [Au(CN), P +@ ——>Au+2CN” | E> =-06; 


c. [Ag(CN), P +e —> Ag +2CN° | E> =-93) 


A silver electrode is immersed in saturated Ag-50, (ag 
The potential difference between Ag and SHE is found 
be 0.70 at 25°C. Determine K_, of Ag,SO, solution. 


Given: E©ag® | ag = 0.79 V. 


. Calculate the reduction potential of an electrode which 


was originally 0.1 M MnO,° and 0.5 M H® and has been 
treated with 50% of Fe?* ions required to reduce all MnO, 
to Mn?*. 

Given: E© Mn04° |Mn2* = 1.50 V 

Two Daniell cells contain the same solution of ZaS0, 
but differ in the CuSO, solution. The EMF of the cell 
containing 0.5 M CuSO, is higher than the other cell ò 
0.06 V. Calculate the concentration of CuSO , in the other 
cell. 


2,302 
[ Take 4.303 RT > 0.06 


Calculate the degree of hydrolysis (4) and hydrolysis 


> aes = - 
constant of anilinium hydrochloride (Ph NH,C! )® 
M/30 solution of salt at 298 K from the following cell dae 


Pt, H (1 atm) | H® (1M) || Ph NH, Cl (M30) | H, (1 am. 
Pt. E sy = — 0.1777 V. 


The half cell potential of a halt cell AT, Abr?” | Pte 
found to be as follows: 


a. Percent of reducing form 25 50 
b. Cell potential/V 0.10 


Determine the Value of n. 


0.0018 M 2. 1.35 x 105M2 3. 1.409 
5. h = 0.03; K, = 3.33 x 10° 


=-1.053V=1.05y = | 


A ed 
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| yo nA electric current causes a chemical change 


bi to chemical energy) is called as 


a". electric energy 


K i 0 1 two 
ji qpere afe mainly 
sis 


ways in which analysis is done 
fs 
i 


\ yi ' 
a) 
fu 


ne electrolysis: Study of possible products formed 
qu je and anode. 
a at e electrolysis: Study of amount/moles/volume 


tativ ; 
pi ducts formed at cathode and anode during 
ro 


if QUALITATIVE ELECTROLYSIS 
if ' 
$ 


rohs of Molten Salts of Some Compounds 
pect? 


H NaCl (an electrolyte) means free sodium ions (Na® 

i Nolen (chloride ions (CI® ions) so it conducts current with 
“ne of ions. As electric current is passed in the cell, CiS 

| if are attracted to anode (+ve electrode) and Na® ions to 
ak (-ve electrode). Both ions are discharged at respective 
sjectrode as follows (Fig. 3.8) 


Anode: 2CIC—+Cl1,(g)+2e [Oxidation] 
Cathode: Na + e ——> Na(s) [Reduction] 
Overall reaction: © 2Na® + 2CI° —> 2Na(s) + CL(g) 


This type of cell is also called as electrolytic cell. The 
basic difference between 9e 
an electrolytic cell and a 
galvanic (or voltaic) cell is 
that a galvanic cell produc- 
es electricity whereas an 
electrolytic cell consumes 
electricity. 

The importance of electro- 
lytic cell is that it is widely 
used in isolation and purifi- 
cation of various elements 
and gases, Electrolytic cell Molten 
Products of electrolysis a 
depend mainly on the pene 


following factors: 
i, 


cathode 


Electrode potential of various possible reactions 
(deposition or liberation) at cathode or anode. 

: Over potential of gases w.r.t. the electrode (material) at 
Which they are liberating. 

: Concentration ofthe ions (to be oxidized or reduced) in 
the solution. 


Type of electrodes [reacting or non-reacting {e.g., Pt, 
C (graphite)}]. 


“Electrolysis of molten chlorides of potassium and 
agnesium produces K and Mg metals at cathode and 
(8) at anode, when de voltage is applied to the two 

“lectrodes, Similarly, Al metal is produced at cathode by 


~~ 


Electrochemistry 3.57 


aai : in the 

the electrolysis of molten aluminium oxide Seis ins 
resence of cryolite (N a,AIF,) and fluorspar FA eis 

me electrodes. The oxygen liberated at the eT edo 

with C-anode producing CO and CO,. The overa a 

of some molten or fused compounds may be wrl ; 


Molten KCI: [ KC1—> i i ye J 

cle — CL(g e 
Anode ' [Oxidation] 
Cathode: 2K® + 2e—— > 2K(s) [Reduction] 


Overall reaction: 2K® + 2C1° —> 2K(s) + CL,(g) 
Molten MgCl,: [ MgCl, —> Mg? + 2Cl° ] 


Anode: 2C1© —> Cl (g) + 2e [Oxidation] 
Cathode: Mg*? + 2e—> Mg(s) [Reduction] 
c. Molten Al,O,: [ Al,O, —> 2Al* + 307] 
Anode: C(s) + O% (melt) —> CO(g) + 2e 
C(s) + 20% (melt) > CO,(g) + 4e 
[Oxidation] 
Cathode: 2A13*(melt) + 6e —> 2Al(s) [Reduction] 


Piet aC Ec eee SEE 
Overall reaction: 2A* + 30% + 2C —> CO, + CO + 
2AK(s) 


d. Molten K,SO,: [K,SO,—> 2K® + SO,7"] 


Anode: 2S0, > S,0,~  +2e [Oxidation] 
| 


Cathode: 2K® + 2e — 2K [Reduction] 
Overall 2K® + 2S0,2- > 2K + $,0,2- 
reaction: 

e. Molten Na,S,O, (sodium thiosulphate): 
[Na,S,0, > 2Na® +8,0,7 ] 


Anode: BO 3 S406 +2e [Oxidation] 
la a 
10n 


Cathode: 2Na® +2e— 2Na(s) [Reduction] 


Overall 2Na® + 2S,0,”™ > SO + 2Na(s) 
reaction: 


Electrolysis of Aqueous Solutions of Some Compounds 


Products of electrolysis depends on the nature of material 
being electrolyzed and the type of electrodes being used. If the 
electrode is inert (e.g., Pt or Au) it does not participate in the 
chemical reaction and acts only as source or sink for electrons. 
If the electrode is reactive, it participates in the electrode 
reaction. Thus, the products of electrolysis may be different 
for reactive and inert electrodes. The products of electrolysis 
depend on different oxidizing and reducing species present in 
the electrolytic cell and their standard electrode potentials. Some 
of the electrochemical processes, although feasible, are so slow 
kinetically that at lower voltages, these do not seem to take place 
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E , alled over potential) has to be applied, whic 


œ difficult to occur. 
nore difficult t l 
inc s each 

‘ven below are some examples that include eine A am 
z ' . i a 

ies k (meaning the following oxidation/re uctio ' 

sia “ark (meaning the oxidation/reduction 

«/” mark (meaning t 


and extra potential (c 
makes such process I 


witha 
not take place) and a 
will take place). 
a. Electrolysis of a 
electrode) 
Note: When electrode is not mentioned, assume it to be Pt. 


aCl, Na®, C19, H®(from water) and 


queous NaCl solution (using inert 


In aqueous solution of N 


: n 3 Y ae E i n 
OH (from water) ions are tree to move for the ere 
ó ne a i al p a 
of the electric current. When electric current 1s passe , 
C . 
and H® ions are attracted to cathode and CIO and OH ions 
attracted to anode. The solution now contains four ions 


3 . 
Na®, Cl©(from NaCl), HÊ, OH (from water) and there is 
race amongst them for their discharge at their respective 


electrodes. l 
The following electrode reactions are possible: 
Cathode: 


xNa®(aq) te —> Na(s) E°x,® | Na = ~2-71V 


v2H,0(1) +2e-—> H,(g) + 2 OH (aq) 

Ey 1 n, =-0.83V 
Anode: 
¥ 2C1°(aq) —> Cl,(g) + 2e- EO ae jo, =—1.36V 
*2H,O(1) — 0,(g) + 4H%(aq) + 4e7 


E? 4,010, =-1.23V 
Overall reaction: 2Na®(aq) + 2C1°(aq) —> Na(s) + Cl (g) 


In this electrolysis, H, at cathode and Cl, at anode are 


O 
given off. Why Na® ions and OH ions are not discharged? 
The reason lies in the reduction potential values. Clearly, 


2.4 S) 
EO pa® Na <ES 


H,O | H, 

i. Although CI® has lesser tendency to discharge 
(oxidize) [Cl°will be at anode where oxidation takes 
place] as compared to OH (CI® lies below OH in the 
electrochemical series) at anode stil] OH will not be 
discharged (oxidize) due to concept of overpotential 
(Extra potential required to initiate a reaction at a 
required rate). Formation of O, from H,O is kinetically 


very slow (i.e, low rate). Thus, OH ions will remain in 

the solution. 

ii. The aqueous solution of NaC! will become alkaline (due 

B to the presence of OH ions) after electrolysis, 

iii. In pe Cane of electrolysis of NaX(aq) (where XO is 
Br®?, 19), X, will be liberated at anode, Using NaF, O, 


gas will be liberated at anode instead. Also, £O 
=-—1.09V and Eo i = 0.54 V, 
b. Aqueous CuSO, solution 
Possible reaction at: 
Cathode: 


(aq) + 2e°-—_ Cu(s) 


4 


BrO | Br, 


(using inert electrode) 


Y Cu2+ 
EO a2) cy =+ 0.34 V 


O 
x 2H,O(1) +2e — H,(g) + 2 OH (aq) 


E 
H,0 | H, ia 083), 
Anode: i 
+ 4H*(aq) + 4e 
7 2H,0() — O,(8) + 4E GD t 4e 
2e H20|0, “i 


2— 
x 250, (agm S-O; (aq) j 


ST : 
S047 18:0 = -20 


Overall reaction: 


2H,0(1) + 2Cu**(aq) —> 2Cu(s) + O,(g) + AH (aq 


In this electrolysis, Cu at cathode and O, at anod i 
produced. Also, the aqueous solution of CuSO, will hers ‘ 
acidic (due to the presence of H® ions) after electrolygi 

c. Aqueous Na,SO, solution (using inert electrode) 
Possible reaction at: 


Cathode: 
*Na®(aq) +e —> Na(s) EN yg =-271y 
V 2H,O(1) +2e —> H,(g) + 2 OH (aq) 
Eon 6 | H, ~ 70.83) 
Anode: l 
x 250,- (aq) — 8,0,” (aq) + 2e- 
E? s0} s04 = -201 
4 278 
v 2O —> 0,(g) + 4H*(aq) 
ES 0\0,7 15) 
Clearly, at cathode, Na®(aq) ions will not be deposited tx 
to their lower reduction potential than H,O. 
Similarly, SO,?- will not be oxidized due to their lowe 
oxidation potential than H,O. 
Thus, the electrolysis of Na,SO,/K,SO,/CaSO M250, 
Li SO, etc., is actually equivalent to electrolysis of H.0. 
d. Aqueous NaCl solution (very dilute using inert electrode 
Possible reactions at: 
Cathode: 


* Na®(aq) + e§—> Na(s) E®y,@,,,=-2-71V 
v“ 2H,0(1) +2e°-—» H,(g) +2 OH (aq) 
- 2 =S) 
F? io q, 50 
Anode: 
* 2C19% (aq) > CL (g) + 2e- e a E V 


v 2H,O(1) > O,(g) T 4H®(aq) + 4de- ES io l0, 
When NaCl is highly dilute, there is a very less d0” 
of Cl°(due to their less availability) getting oxidized. * 
instead H,O will get oxidized. 


Note: 2C1°(aq) —» Cl,(g) + 2e 


_ 0.059 r Poi, 
8 2 
: [ae] 
59 
log Po t 0.059 log 


he 
P Oc decreases as [C19] decreases pakin 
Oxidati 

ation of H,O more favourable. 


Eg ‘|£ ) ko 


| Cl, -4 ce | Ch 


(6) 
= S j J 
7 ES 19 icon [c 


Thus, EO 
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(using Hg electrodes) (active 


us 
nde 
pile 

| cine eo Na(s) : EO Na® Na = -271V 
{Na " wn H,(g) + 2 OH (aq) 
„1H; EC ao |H; = -0.83 V 
Maag CL(g) +2e E° 40 |Cl, =-1.36V 
a ot) —? 0218) * AEP ag tde 
x2 


E nolo -123V 


„ Hg electrodes are used instead of Pt, Na®(aq) gets 


“ted which further reacts with Hg to form sodium 
epos 


| jalgam. 
| di + Hg(s) NaHg(s) 


| į aqueous CuSo, solution (using Cu electrodes) (active 


electrode) | 
possible reactions at: 


| Cathode: 
| Joq + 20 — Cu(s) E°,,2+ (u 0.34 V 
x2H,0() +2 — H,(g) + 2 OH (aq) 
E° go \H, = —0.83 V 
Anode: 
x280,7 (aq) — S,0,” (aq) -2e 
E? oo 2- Iso = -2.01 V 
x2H,0(1) — 0,(g) + 4H®(aq) + 4e 
E° go 10,7 -1.23 V 
E o owt = —0.34 V 
Thus, when Cu is electrolyzed using Cu electrodes, Cu is 
dissolved (at Cu anode) and Cu is deposited (at Cu cathode). 


“Cu(s) —> Cu2*(aq) + 2e 


Note: a. [Cu?] in solution remain constant during electrolysis. 


b. This technique is used in the refining of Cu. The impure 
Cu (95%) is made anode and thin a sheet of pure Cu 
is made cathode, and electrolysis is carried out to get 
pure Cu. The electrolyte is CuSO, solution acidified 
with dilute H,SO,,. Impurities fall down as anode mud. 


& Aqueous AgNO, solution (using Ag electrodes) (active 
electrode) 


Possible reactions at: 
Cathode: 


y 
Ag®(aq) + € —> Ag(s) E? ,.® ig =0.8 V 


*2HO(1) +2e-—5 H,(g) + 2 OH (aq) 


yom 0-83 V 


Anode: 
x? E 

me > 0,(g) + 4H%aq) + 4e E° u,010, -1.23 V 
pig (aq) — (No reaction) 

g(s) > Ag®(aq) +e E? 4 ® Ag = ve V 
el us, when aqueous AgNO, is electrolyzed using Ag 
Nes Ag is dissolved at anode and deposited at cathode. 

i ] in the solution remains constant during electrolysis. 
is method is used for the refining of Ag. Impure Ag (95%) 


is made anode and thin sheet of pure Ag is made ae A 

AgNO, solution and electrolysis is carried out to get p ' 
Impurities falls down as anode mud. | 

h. Aqueous H,SO, solution (using inert electrode) 
Possible reactions at: 
Cathode: | 


Y2H,O(I) + 2e —> H,(g) + 2 OH (aq) 


E’ aoim 83V (1) 
Anode: 
x250, (aq) — 8,04" (aq) + 2€ : 
Par A a 
2H,0(1) — O(g) + 4H®(aq) + Ae g 
=—1].23V All) 


© 
E” 4,010, 


Note: For dilute H,SO,, reaction (iii) is preferred but at higher 
concentration of H,SO, and high current density, reaction (i1) 1 
preferred. When 50% aqueous solution of H,SO, is used both 
reactions (ii) and (iii) occur simultaneously at anode. 


i. Aqueous NiSO, solution (using inert electrode): 
Possible reactions at: 
Cathode: 
v Ni? (aq) +2e —> Ni(s) E m =— 0.25 V 


x 2H,O(1) +2 —> H,(g) + 2 OH (aq) 
Fx op, =-0-83V 
Anode: 
*2S0,2-(aq) —> $,0,7 (aq) + 2e- 
Ego 2-/8,0,7 =-2.01 V 
V 2H,0(1) —> 0,(g) + 4H®(aq) + 4e 
E° 4o10, 771.23 V 


Note : In practice, it has been observed that H, gas also gets 
liberated at cathode along with Ni. 


j. Aqueous HCOONa (Kolbe’s electrolysis)(using inert 
electrodes) 


Possible reactions at: 
Cathode: 
x Na®(aq) + e —> Na(s) E° yn. (Na 72-71 V 
v 2H,O(1) +2e —> 2 OH (aq) + H,(g) 
E° ho | H -0.83 V 
Anode : 
2HCOO%aq) ——> 2HCOO`+ 2e 
|-2002 
H4(g)<—— 2H’ + 2CO7 (g) 
vV 2HCOO%aq) — H,(g) + 2CO,(g) + 2e7 
x 2H,0(1) —> O,(g) + 4H®(aq) + 4de- 
E? o 10, 7 -1.23 V 
So in the electrolysis of aqueous solution of alkali metal 


salts (except Li) of HCOOH, using Pt electrode, H, (g) is 
liberated at cathode and H, (g) and CO, (g) are liberated at 


anode and the solution is basic (due to the presence of OH 
ions) after electrolysis. 
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te and disodiu 


k. Aqueous RCOONAa, d 


m 


ee 
jisodium succina 


m maleate or disodium fu 


I tg a 
merate (Kolbe’s electrolytic) (Using p 


electrode): At cathode 
At anode O 
i. ccoo > CH,—CH,+2C0, T| +| H2 1+20H 
Sodium acetate Ethane 
Mechanism: 
At Cathode 


Electrolysis 2CH,COO® + 2Na® 


Ni oxidation at-anode 


e 2ĊH, + PCO,|- 2CH,COO + 2e 


2CH,COONa 


2H,0 +27 Reduction 20H $ H,Î 


7 Electrolysis Öö ® 
— tee C + 2Na O O 
ii. CH, — COONa H,COO ; 1m0 +28 Beleion 20H + uT 
CH, — COONa CH, — COO 
Disodium succinate 
Oxidation 
at anode 
CH, CH,COO E 
| +2c0,f<—]| +2 
CH, CH,COO 
Ethene 
sss Electrolysis 2) 
; ——— . 
iii. CHCOONa CHCOO +2Ne® | fo opze Reduction eee 1 
CHCOONa CHCOO 2 at cathode 2 
Disodium maleate 
or disodium fumerate 
Oxidation 
at anode 
CH “CH, CHCOO 
Il $I 7+200,he—T 426 
CH  ČCh, CHCOO 
Ethyne or 
acetylene 


J; General rules of electrolysis of aqueous solutions using 
wi abe (Y indicates that the oxidation/reduction 
will occur and * indi dati i 
iri ndicates that the oxidation/reduction will 
i (Y) Reduction potential of H,O > (x) Reduction 

potential of cations of 1, 2, and 13 groups of periodic 
table, e.g., Na®, K®, Ca**, Mg?*, AI?*, etc. So reducti 
of H,O occurs at cathode. g nonon 
ii. (*) Reduction potential of H,O < (Y) Reducti 
as of other cations (than cations of 1,2 i 
> group), e.g., Cu’, Ag®, Au3+, Cd2+ Zn2*, efi 
reduction of H,O does not occur at cathode a 


iii. (Y^) Oxidation ial of 
potential of H,O > (*) oxidati 
: i 5 ) oxidation potentiz 
of F°, 80,7, 80,7, NO,°, 80,7, ete Ai 
So oxidation of H,O occur at anode 


iv. (*) Oxidation potential of H ,0< 


of Cl®, Br®, I9, etc. (⁄) oxidation potential 


eee : 
xidation of these ions occurs at anode 


Note: 
i. Although the oxidation potential of H,O > oxidation 
eee of CIE, so H,O should get oxidized in preferenc? 
Os (aq). However on account of over potential of 0» 
oxidation of CIÈ to Cl, is preferred at anode 


ii. i i 
a ais ab cations move towards cathode and 
agan mie towards anode and the “chance” of their 
ae Sl ion/liberation depends on their electrode potenti 
ncentration, over potential, etc. 


3.12.2 Qua 
: NTITATIVE ELECT : y's 
LAWS ROLYSIS: FARADA 


First Law 


It states that “ í 


liberated at an 


; electrode is di 
electricity pas de is directly proportional to the quant! 


sa sing through the electrolytic cell.” 
e amount of electrici i o 
city means the quantity of charg? 


in coulombs. If J is th . ip 
seconds, then Q = [f e current in amperes (A) and f is the ” p 


the | 
amount of any substance that is deposite? i 


| 


_ 


i „mount of substance liberated or deposited, then 
isthe 
I“ 


' 
ka 


i srochemical equivalent of a substance 
plec 

i = ZI l 
glaw O 

yond «yhen a given quantity of electricity is 

a an es, the amount of different subst 

"ntele 


passed through 


ances produced 
ait jectrodes is directly proportional to their respective 
wpe ele 9 


i ir nt weights.” , ; 
“ g wo substances Aand B in two different electrolytic cells: 


m, _ Ema 
A — (Ew)g 


| 
| 


| 


ate equivalent of a substance is deposited by passing 
“lh of electricity. 


Magnitude of charge carried by 1 mole of electrons is 96487 C 
«2x 1.6 x 10719 = 96487 C). It is also known as one faraday, 
. |F=96500 C. [96500 C is the widely accepted valu 


e of 1 F]. 
Combining first and second law: 


WoO (First law) 
Wx Ew (Second law) 
F F 96500 Ew F 


Sumber of gram equivalents = Number of Faradays of electricity 
> lgEq of any substance = 1 F of electricity 
There are three approaches to solve a problem. 
a. First calculate the number of faradays of electricity by using: 
Number of faradays = ae! 
F 96500 


b. Using the definition: 
| gEq of any substance = 1 F of electricity passed 


Calculate the number of gEq and by using the definition 


of gEq (gEq = W/Ew), determine the amount of substance 
deposited, 


co 
. 


Using anodic and cathodic reactions as follows: 

Let us Consider a typical cathode reaction: 

M+ ne- —>»M 

~ n(") = 1 molecule of M = 1 ion of M* 

SMa e) = N, molecule of M (N, : Avogadro number) 
~ Non e) = 1 mole of M = 1 mole of M”* 

> nF = 1 mole ofM = 1 mole of M"* 

(charge of N, electrons = 1 F = 96500 C) 


So in this approach, first write anodic and cathodic reactions 


and derive the mole vs faraday relation. 
For example: 


gas Al 
S 3F 


= | mol of Al = 1 mole of Al?* ions 
2c] _ 
~> CL + 2e 


Electrochemistry 3.41 


=> 2F = 1 mol of Cl, = 2 mol of 2C1® ions 


d. Using the combined relation obtained from first and second 
laws: 


W= Zit 


W- Ew.1.t 
96500 


3.12.3 CALCULATION OF pH OF THE SOLUTION 
AFTER ELECTROLYSIS OF AQUEOUS 


SOLUTION OF A COMPOUND USING 
INERT ELECTRODE 


To calculate the pH or pOH, first calculate the concentration of 
HÊ or OH ions by dividing the equivalent or mEq of these ions 


formed after electrolysis by the volume of the solution. The pH 
or pOH can then be calculated accordingly. 


1 F of electricity is passed through 10 L ofa solution of aqueous 
solution of NaCl. Calculate the pH of the solution. 


Sol, Aqueous NaCl solution on electrolysis gives Cl,(g) at 
anode and H.(g) at cathode and OH ions in the solution. 
1 F = 1 equivalent of H, (g) = 1 equivalent of CL, (g) 


= | Equivalent of OH ions 
oe Y 
Volume of solutionin L 10L 
“. POH = -og (107!) = 1 
pH = 14-1=13 


(©) 
~. [OH] = 


A current strength of 96.5 A is passed for 10 s through | L of 


a solution of 0.1 M aqueous CuSO a Calculate the pH of the 
solution. 


Sol.) Aqueous solution of CuSO 4 on electrolysis gives Cu at 
cathode and O, at anode and H® ions in the solution. 


96.5Ax10s 


Eq of current = 96500 C 


= 0.01 Eq = 107 Eq 


“. 10 Eq of Cu = 10° Eq of O, = 107 Eq of H® = 102 F 


10 “Eq 10-7 Eq 
Volumeof solution in L LL 


^ [HÊ] = 


=102NorM 
^ pH =—log (10°) = 2 


In the electrolysis of 7.2 L aqueous solution of CuSO,, a current 
of 9.65 A passed for 2 hours. 


a. Calculate the weight of Cu deposited at cathode. 


. Physical Chemistry p 
pF | at anode at 27°C and 


i iced 
b. Calculate the volume of O, prod 
1 atm pressure. = 
of the solution after electrolys! 


~alentate the pH ce 
coe aiid [| Atomic mass of Cu = 63 gl 


PS First method 


44. S02 
(Cuso,-——> Cu?! + SO,” ) 
At cathode: Curt + 207 — Cu(s) 
® + de 
At anode: 2H,O — 0, + 4HE + 4c 
(Since the oxidation potential of H,O > oxidation potential 
of SO, so oxidation of H,O occurs at anode and SO, | and 
H® ions remain in the solution to give an acidic solution). 
Ixt  9.65Ax2x3600s 
_ OO he hn 


96500C  96500C mol | 
= 0.72 F 


Number of faradays = 


a. Now from cathode: (Cu?* + 2e —> Cu) 


2e- =2 = 1 mol of Cu = 63 g of Cu 


= 22.68 g 


3gx0.72F 
o2 p= EXOT 


b. Now from anode: (2H,0 —> O, + 4H® + 467). 
4e°=4F =1 mol of O, 


] x 0.72 
4 


0.72 F= = 0.18 mol 


Now using gas equation: PV = nRT 


nRT _ 0.18 x 0.082 x 300 
P 


V= 


= 4.428 L of O, 


c. Now from anode (2H,O —> O, + 4H® + 407) 


4e =4F = 4 mol of HÊ 
4 ® 
0.72 F= 2 x 0.72 = 0.72 mol of H 


Mol _ 0.72 mol | 


H= ——* __ 
Volume in L 7.2L 


10 'M 


<. pH =- log [10] = 1 


Second method 
a. At cathode: 


1 F = ] equivalent of Cu = = g of Cu 
2 
0.7 F = a l 
7 F= > x 0.72 = 22.6% g of Cu deposited 


b. At anode: 
l F= 1 equivalent of O, 


— 


4 
=0.18 mol of O, 


0.72 F = 0.72 equivalent of O, = 0.72 


VEEL ELE eee 


—— 


~~ 


4quivalent i | 
Equiv i Equivalent 


ince mol = 
Since n factor charge scl 


10 ? —> O, +4e (n factor = 4) 


Now for volume of O,, proceed as in first Methog 


e |= 1 equivalent of H® ions. 
0.72 F = 0.72 equivalent of H® = 0.72 mol spe 
[Since n factor for H® 
‘| 
` [HP] = 0.72 mol _ IOM 
ve 7207 


- pH= 1 


How many grams of Cl,(g) can be produced by the electrolysis 
of molten NaCl with a current of 5.5 A for 25 min? 
[Atomic weight of Cl = 35.5 ami 


Sol. | Molten NaCl __Electrolysis_, Na? + C]® 


I x t in seconds 
Number of Faradays = ———————— 


96500 C 
_ 5.58x25x 60s = 0.085 F 
~ 96500 ii 
First method 
Oxidation of C1® at anode: 
2Cl© —> Cl, + 2e 
2e =2F=1 mol Cl, =71 g 
71 
0.085 F = ae 0.085 = 3.017 g Cl, 
Second method 
Tle 71 


l F= 1 equivalent of Cl, = = = 


~. 0.085 F = A x 0.08 


What is the volume of O, liberated at anode at STP " h 

I> F ian > aa, Q Pe m A gse 
electrolysis of CASO, solution when a current of 2 A 1s P% 
for 8 min? | 


a" 
II 
wd 

© 

— 

N 
Q 

A 

— 

J 


Pou Aqueous CdSO 4 Electrolysis _ Cd?* + so,” 


ts IAr 
96500C  96500C 


= 0.0099 =~ 0.001 F 


Number of Faradays = 


Electrochemistry 3. 
eee 


— solution, oxidation of H,O takes place than that 
na aie since oxidation potential of H,O > oxidation 
{308 of 50,2. So oxidation of H,O at anode occurs. 


ie 


per On ABE + AE 


H 
thod 
first a | mol O, = 22.4 Lat STP 


-AF 
ý 32.4 Lx 0.001 F 

_ 2.41%x0.001F 
0.001 F= 4F 


-0.056 Lof O, 


d method 


Secon 24L 
TE equivalent of O, = Ea O, 


Equivalent of O, 


_ Volume of 1 mol of a gas 
TMe a 
n factor 


n factor for O, = 


20- —> O, + 4e 
- 1F=5.6Lor O, at STP 


0.001 F= 5.6 x 0.001 = 0.056 LO, 


What weight of Ni is plated out in an electrolysis of aqueous 
NiSO, solution that it takes place to deposit 2 g of Ag in a silver 
coulometer that is arranged in series with NiSO 4 Electrolytic 
cell. [Atomic weight of Ag = 107.8 amu, atomic weight of Ni 
=58.7 amu] 


GD Applying Faraday’s second law of electrolysis, 
WofNi _ Ewof Ni 


WofAg EwofAg 
Atomic weight 
Ew of Ag = — ~ 
Wg x Ew (Ni) n factor 
N waa 107.8 
Ew (Ag) s 
NT Atomic weight 
Ew of Ni = —— 
= 28x 58.7/2_ m 7 factor 
107.8/1 __ 29. 
2 
= 0.5445 g of Ni deposited 


What is the amount of Al deposited on the electrolysis of molten 
3 When a current of 9.65 A is passed for 10.0 s. 


Soi!) Molten A1,0;, __Blectrolysis_, 943+ + 30%- 


er Ixts 
Number of Faradays 96500 C 
= 9.65 A x 10s = 10°F 
96500 C 
First method 
Reduction of Al?* at cathode 
Al**+ + 3e —> Al 
3e =3 F= | mol Al= 27 g Al 
2103 F= 2x10? g 
3 
= 0.009 g Al deposited 
Second method 
1 F= 1 equivalent of Al= ~™°! 278 = 
Charge 3 


-. 103 F=9 x 103 g = 0.009 g Al deposited 


Calculate the number of Faradays required to electrolyze 
6.35 g of Cu®(aq) ions from an aqueous solution. 


Reduction of Cu® at cathode. 
Cu® + 1e —> Cu 


le-=1F=1 mol of Cu=63.5 g of Cu 


~”. 6.35 g of Cu will be deposited = ail 


100 mL of 0.3 M Fe**(aq) ions were electrolyzed by a charge 
of 0.072 F. In electrolysis, metal was deposited and O,(g) was 
evolved. At the end of electrolysis, it is desired to oxidize the 
un-electrolyzed metal ion. 


Fe** + e —> Fe?” 
Fe?* + 2e° —> Fe 
The moles of Fe** ions left un-electrolyzed in the solution is 
a. 0.009 b. 0.021 c. 0.072 d. 0.042 
Sol. a. mmoles of Fe*' = 100 x 0.3 = 30 
Charge = 0.072 F = 0.072 x 103 = 72 mF 


i. Fet + e —> Fe? 


30 mmoles of Fe** requires 30 mF and 30 mmoles 
of Fe?* formed. | 


ii. mF left = 72 — 30 = 42 mF 


NSn ee IE i 
e -, Equivalent of H, = Equivalent of O, S 
-+ Equivalent of 


3.44 Physical Chemisty _ E 
jii. Fe?* +20 —> Fels) | of Fe” 
> way tralyze = 21 mmol 0! e* 
42 mF will electrolyze = 4 eae Wi Sr 
[Since 20 = 2 For2mF =! mmol of Fe" 4.48 _ 1.12 H2820% U1, 
i g — | mmol of Fe] 224/2 224/4 194/2 
- mmoles of Fe2" lett = 30 — 21 =9 mmol 0.4=0.2+ á 
— 9 x 10 = 0.009 mol i 97 
19.4 g 


Mandan 


acid is prepared 
olume of 0.2 M FeSO, can be oxidized by a Curren | 
of | 


Marshall's acid ( H,S,0x) oF peroxo disulphuric | : 

by the electrolytic oxidation of H,SO, as: Sent 

| What v 
0.965 ampere hour? 

a. 0.07 L b. 0.08 L c. 0.09 L d. 0.1 L | 


c. 1 F= 96500 C = I equivalent of Fe?* 


0.965x 3600 36 
= Taaa Calen 


O, + 2H® +20 


ained as byproducts. In such electrolysis 
L of O,(g) were produced at STP. The 


2H,SO, — H3S: 


O,(g) and H,(g) are obt 
4.48L ot H,(g) and 1.12 


weight of H,S,0¢ formed is 
a.9.72 b. 19.4 g c. 14.5 g d. 29.1 g 9.966 x 3600 C= sx = 
Sol. b. Refer Section 3.13.1 (point h). 
Aqueous H,SO __Electrolysis_. 2H® + SO,” V (in L) x N= Equivalent (n factor Fe2* =, 
2 4 4 
36 
roana: 02> == 
o 1000 


(dil or conc) 
At anode, two reactions are competing: 
36 
Vial) ==, anna 0.09 L 
1000 x 2 x 0.2 


i. 280,- —> S,0,7" + 2e 


ii, H,O—> Žo, +2? + 2e 


At cathode, only one reaction occurs: 


100 mL 


2H® (from H,SO,) + 2e —> H,(g) : 
Since one reaction at cathode and two reactions at of 0.965 ampere hour. What is the normality of the remaining 
anode are taking place, therefore, the equivalent CuBr, solution? 
of H,(g) produced at cathode should be equal to 5 
the equivalent of O,(g) produced + equivalent of at ai Lee b. 3.28 c. 0.82 d. 4.92 
Sol, | a. Initial mEq of Cu2* = VimL) x N 
=100x 1x2 


H,S,O, formed. 


1-7 
(‘n factor for Cus =: 


Given volume of 


Hig 
Note: Equivalent of H, = Aen 
Volume of | equivalent = 200 mEq 
of H, (g) at STP in L 
— 4.48L Electricity passed = 0.965 x 3009 
=AL (n factor for H, = 2) 96500 
Given volume of =36 x 10° Eq 
Equivalent of O, = T7 2: (8) = = = 36 mEq 
2 Volume of 1 equivalent ae _ 
of O,(g)at STP in L mEq of CuBr, remaining = 200 — 36 = 164 
] in . = _ mEq | = 164 = 1.64 
= L (n factor for O, = 4 ae ~ = 
SATA n = 4) | V (inmL) 100 
Equivalent of H,S,O, = H25208 
X In a 500 mL of 0:5 M CuSO, solution, during 2% yes 
Ew of H,S,0, = Mal 1.5 x 1073 electrons were passed using coppe! elec vit 
n factor Assume the volume of solution remains unchang* gei” 
_ 194 electrolysis. Which of the following statements is/are ©° 


2 


| 


yo 


Electrochemistry 3.45 
—~ s+ the end of electrolysis, the concentration of the Given: Volume of solution in each compartment = 1 L. 
sion 50 a Oty E 0,34 V 
4. 79% g of | 
gg of CH i jsoved eS ge Choose the correct statements regarding the above cell 
É 79 gof Cu2* ions are discharged. after passage of 0.1 F charge. 
ipi 


a, b, d) 


f, 


trolysis of aqueous solution of CuSO, using Cu 
le pa (active electrodes): Cu is dissolved at Cu anode 
s de posited at Cu cathode, and there is no change in the 
' cone centration of CuSO, solution. 
` [cw "lpefore [Cu i 0.5 M 
co statement (a) is correct. I 
moles of es number of Faradays = Exige =0.25 F 


(t + 2e —> Cu) 
-F= 1 mol of Cu?” 
~ 0.25 F=0.125 mol of Cu** = 0.125 x 63.5 g 


= 7.93 g of Cu is deposited on the cathode 
So statement (b) is also correct. 
Same amount of Cu?* ions are discharged from the solution 
to give same amount of Cu deposited at cathode. 
So statement (d) is also correct. 
Hence statements (a, b, and d) are correct. 


Consider the following cell: 


Porous bone Porous bone 


(Assuming that the current within the cell is carried equally 
by the positive and negative ions) 


a. Moles of Cu?" ion reduced in compartment (IIT) is 0.05. 
b. [SO,2-] = 0.975 M in (III) compartment. 
c. [NO,°] = 0.95 M in (II) compartment. 


a Cus", KY; and NO{° 


compartment. 


ions are present in (II) 


+ 


Effect of electrode: Oxidation of Zn to Zn** at anode 
(I compartment) and reduction of Cu” to Cu at cathode (II 
compartment) occurs by the passage of 0.1 F of electricity. 


Effect by the migration of ions through porous bone: 
Since charge carried by positive or negative ions Is equal, 
therefore the transport number of each ion is equal, i.e., 


1 l 
EOS LO Ti 4 = ().5. Hence, number of ions transported 
; ET 
from one compartment to another = 0.5 x 0.1 F = 0.05 Eq. 
Note: There is no migration of ions of the solution when salt 


bridge is used. EO .,, = +0.34 — (-0.76}= 1.1 V. Hence, 
cell is spontaneous. 


Moles of Cu2* reduced in compartment III is 0.05. 
Hence, correct. 


[SO,2-] = 0.975 M in compartment III. Hence, correct. 
[NO,°] = 0.95 M in compartment IT. Hence, correct. 


Compartment II contains K®, NO.°, and Zn™ ions. 
Hence, wrong. 


I compartment 


Mitial moles | Zn2*=1Mx1L=1 


$0,-=1Mx1L=1 


Eff 
“CL of Formation of Zn** 


ele 
ctrode Zn—> Zn” +26 


2e =2F = 1 mol Zn” 


Ö1F= Odaii 0.05 mol Zn?* 
2 


I] compartment 


K®=1MxIL=1 
NO,” 


Ur c ompartment 


o Š 


u= IMxIL=l 
SO, =1MxIL=1 


-|Mx1L=1 


Reduction of Cu2* 


Cu** + 2e —> Cu 
2e =2 F=1 mol Cu” 


0.1 F = —0.05 mol Cu** 


a 
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aea || (For allen of Zn? 


Positive 100 
movement 


one 
0.1 l — 0,05Eq iS taken 
—0.05 
_ mol 
» For 0.05F = -35 


= 0,025 mol Zn” 


(Migrated to Il compartment) 


40,025 mol Zn?" 


_ 40.025 x 2Eq of Zn?" 


- +0.05Eq of Zn”! 


. ` ap) ‘ à [I 
(migration of K® ions to I 


compartment) 


K® = —0.05Eq or mol 


I compartment 


_ — = a 


+0.05 mol K® 


From II compartment 


a = l NO.2 migrated to 
-Negative ion +ve charge here dii 
— 0.1 gg = 0.05 mol NO,” 
| Seaan So NO,° migrated from I For 7 Bq 
compartment 
= + 0.05 mol of NO;° 3 Eae i en —— ra a 
J sg 
%3 = 40.05 — 0.025 [K®] = 1 — 0.05 = 0.05 M. [S04 Imoved 0.025 
Final concent- | [Zn] eg = +0.09 — ¥: 
: = 0.025 M 
ration (M) 0.025 eee cal 
[Zn?"],.,91 = Initial + left [NO,°] = 1 - 0.05 = 0.95 M 4 JFinal 
" = 0.975 M 
= (1 + 0.025) M [Zn?*] = 0.025 M 
2+) = 1 — 0.05 
=1.025 M [Cun Ter 
Ə = 0.05 M 
[NO,°] = 0.05 M 
[K®] = 0.05 M 


A Zn rod weighing 1.0 g is taken in 100 mL of 1 M CuSO, 
solution. After some time, [Cu’*] in solution = 0.9 M (atomic 
weight of Zn = 65.5 g). Which of the following statements is/ 
are correct? 

a. 0.655 g of Zn was lost during the reaction. 

b. 0.327 g of Zn was lost during the reaction. 

c. There is no change in the molarity of SO 

d. There is a change in the molarity of SO, - 


BaD (a, 0) 
a. mEq. of Cu?” before reaction 

=100x1x2 
= 200 

mEq of Cu** after reaction = 100 x 0.9 x 2 = 180 

mEq of Cu** lost = 200 — 180 = 20 

mEq of Zn lost = 20 

Weight of Zn lost = mEq x 10-3 x Ew of Zn 


65.5 


(n factor for Cu?* = 2) 


= 90x10? x 


(n factor for Zn = 2) 
= 0.655 g 
c. There is no change in the molarity of $0,> 


pA 
SO, ions have not been oxidized and there; i 
is thé volume of solution. 


ions, since 
s no change 


A sodium salt of ternary acid of molybdenum (atomic mass =% 


has the formula Na,MoO,. When an acidified solution af 


Na,MoO, is electrolyzed, O, gas is liberated corresponding © 
a volume of 0.112 L at STP and 0.32 g of Mo is deposited. Fi 
the formula of salt. 


` Sol. Na,MoO , os JNae + MoO? 
IfMoO i 
cathode, then 


1F=] Eq of O, = 1 Eq of Mo 
Volume of O, (given) in L 
Volume of one Eq of O, inL 
(n factor of 0,7 4 


Eq of O, = 


<= 


_ O.U2L 


= J 
22.4/4 we 
facto! 
Eq of Mo = 0,02 = mo oe 
WMo of Mo=* 
"002 = 232 
96/x 
= xXxX=6 


Reduction at cathode: Mo*t + 6e- —> Mo 
~“. Oxidation state of Mo =6 


ion gets dissociated to Mo“ which moves tow3™ 
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——— 


490,» ¥ have 
" grn(2)=9 
X 
a4 
4 ula of Na,M00, > Na,M00, 


yoteeultt form 


1e quantity of electricity required to reduce 24.6 g 
ao zene to aniline if the current efficiency is 75%. If 
į mitre i across the cell is 4.0 V, how much energy is 
pen s Mw of C HNO, = 123 g mol) 

os 


yalf-cell reaction for the reduction of nitrobenzene to 
„e is as below: 


silt 
CHNO, + 6H® + 6e ——> C,H,NH, + 2H,O 
vate of nitro benzene = 24.6/123 = 0.2 mol 


oe = OF = 1 mol of C,H,;NH, 
0.2 mol of CH.NH, = 6x0.2=12F 
Hence, 1.2 F of electricity is used to reduce 24.6 g of 
nitrobenzene if the current efficiency is 100%. 
But if the current efficiency is 75%, then 
1.2Fx100 
75 
= 1.6 F = 1.6 x 96500 C 
Now potential difference = 4.0 V 
Energy (E) consumed = Charge * Potential difference 
E=(1.6 x 96500 C) x 4.0 V = 617600 J = 617.6 kJ 


Number of Faradays required = 


Find the volume of gases evolved by passing 0.1 A of current 
for 965 s, through an aqueous solution of sodium succinate at 
27°C and 1 atm. 


ED cH,cooNa > CH,COO- 
a 
CH,;COONa CH COO + 2Na” 
ne ium = at 
CH2 CH,COO 
Il +2c0,, <—— + 2e- 
CH, CH,COO 


Reduction at anode of H,O takes place. 
2H,0 +2e—» 20H +H,t 
[Since reduction potential of HO ~ reduction potential of 
Na®] 
Total volume of gases evolved at STP=4 mol 
[1 mol of C,H, + 1 mol of H, + 2 mol of CO,] 
2F or 2 x 96500 C of electricity produces 

=4 x 22.4 L of gases at both electrodes at STP. 

4x22.4 

x 9 : ‘we = AXLE” 0.1x965 

65 C will give 5x96500 
= 44.8 mL 


Volume at 27° C (300 K) and 1 atmosphere pressure 


> — 
T T 273 300 


y = 44.8 x300 _ 49.93 mL 
é 273 


A current strength of 1.0 A is passed for 96.5 s through 200 mL 
of a solution of 0.05 M KCI. Find 


a. The amount of gases produced A 
b. The concentration of final solution w.r-t. OH ions 


c. pH of the solution 


a. CI —> ZC, +e (Anode) 
H,O + e ——> 2H, + OH (Cathode) 
3 
Electricity passed = oe ae mol of 2 
96500 2 
3 3 2 10 
<. 103 mol of e produces mol of CL 


-3 
= wx 71=35.5x10”g 


3 
Also, 10 mol of e produces = m mol of H, 


= 10 x 2=10° z 
> g 


Total weight of gases = 10° x 35.5 + 10> = 0.0365 g 


—3 
10° mol  _ I mmol _ jy o95M 


© 
w IOR eee 
(or 200 mL (volume) 200 mL 


e pOH = -og [0.005] = 2.3 > pH = 14-2.3= 11.7 


100 mL of CuSO, (aq) was electrolyzed using inert electrodes 
by passing 0.965 A current till the pH of the final solution was 
found to be 1. The solution after electrolysis was neutralized, 
treated with excess of KI, and titrated with 0.04 M Na,S,O, 
where 35 mL of it was used up. Assuming no change in the 
volume of solution. Find 

a. The time of electrolysis if the efficiency is 60% 

b. The initial concentration (in molarity) of CuSO, 


a. pH= 1, [H®]= 0.1 M after! seconds 
1000 mL contains 0.1 mol of H®. 


0.1 x 100 
1000 


= 0.01 mole of H® 


100 mL contains = 


| F = 1 mol of H® = 1 Eq of H? 
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onan teeta i 
— ~ 


ee 
cge 
0.01 F = 0.01 mol of H® = 0.01 Eq of H 


. 60 
0.01 x 96500 C = [0.96 x 1X £) 
(Since 60% efficiency) 


-. ¢= 1666.67 s = 0.463 h 
i 1+ 
b. Cu? + KI— Cup, (Cut —> Cur’) 


n 24- 
mEq of Na,S,0, = mEq of L, = mEq of Cu 


2 
=-=] 
(v2 


> mEq of Cu? left in solution = 1.4 mEq 
= 1.4 mmol (n = 1) 


=> 0.041 x 1 x 35 


(28,0,7, —> S,0 +20) 


(Cu2* —> Cu®) 
mol of Cu** deposited as Cu 
(Cu + 2e —> Cu) 


2 F > 1 mol of Cu** deposited as Cu 


0.01F> Lx 0.01 = 0.005 mol 


So Cu? ions present initially = 0.005 + 1.4 x 10° 
= 6.4 x 10° mols 


mols _ 4x 10° 


— = = 0.064 M 
Volume inL 100/1000 


Molarity = 


A current of 5.0 A is passed through a 100 L aqueous solution 
of sodium succinate for 4.0 h. The gases produced at anode 
are collected separately at 25°C and 1.0 atm pressure. Find 
the volume of gases. Also find the pH of solution at the end 
of electrolysis. (Assume that at the start of electrolysis, pH of 
solution is 7.0 at 25°C) 


(GHD At anode: oe > He $200, +22 


CH,COO® CH3 
2 F = ] mol of (CH, = CH, + 2 mol of CO,) 
2 F = 3 mol of gases 
5x4 x 3600 


Number of Faradays = 
96500 


= ().746 F 


moles of gases 


a? 
at 25°C and J = = z 9746 x 1.12 


= 1.12 x 24.48 L 


=27.4L 
At cathode: 


2H,0 + 2e°-—> 20H +H, 
2 F=2 mol of OH 


`S 


O 
0.746 F = 0.746 mol of OH 


514) — 0-746 ES _ 0.00746 M or N 
100 L 

», pOH = 2.13 

pH = 14- pOH = 11.87 


huuustRATION 2:61 


Alead storage cell is discharged which causes H,SO, electrol 
to change from a concentration of 40% by weight ( density is 
g mL”! at 25°C) to one of 30% by weight. The original Vou 
of electrolyte is 1 L. How many Faradays have left the anod 
of battery. Overall reaction of lead storage cell is: 


Pb(s) + PbO, + 2H,SO,(1) —> 2PbSO,(s) + 24,0 
HP Weight of solution (W) = Vo) (in mL) x d 
= 1000 mL * 1.25 g mL- 
= 1250g 


40 x 1250 


Weight of H,SO, = =500g 


Weight of H,O = 1250 — 500 = 750 g 
After electrolysis, 


Now during reaction, weight of H,O formed = X g 


X 
Moles of H,SO, = moles of H,O formed = T 


(- mol ratio of H SO, : H,O = 1: 1) 
Weight of H,SO, used = SL = 5.44X g 
[Mw of H,SO, = 98 g mol] 

Weight of H,SO, left = (500 — 5.44X)g 


Weight of old solution 
New weight of solution = | + Weight of H,O formed 
— Weight of H,SO, lost 
= 1250+ X- 5.44X 
% by weight of new solution 


(1250+ X —5.44X) 100 


- Va 30.43 
“ X= 30.43 g= T mol of H,O are formed 


(o 2H,O consumes 2e ) 


(Mol of H,O = Eq of H,O) 
1 mol of H,O formed by passage of | F. 


30.43 
“jg mol of H,0 formed = nE F = 1.69 F 


opper is 8.95 8 mL"!. Find out the number of 

“st 0 A to plate an area of 100 cm“ to a thickness of 

rs i CuSO, solution as electrolyte. (Atomic weight 

po as g) , 

Í pcu?* ion deposited on plate (Area x thickness) 
volume j = 100 cm? x 10°? cm 

# = ] cm? 

of CU deposited = Volume x Density 

weigh! = 1 cm? x 8.95 g mL"! 


= 8.95 g 
Now, cut + 26 — Cu 
irst method 
P aF 1 mol of Cu = 63.5 g of Cu 
g =2 F 
= 2 x 96500 C 

‘Cus 2 x 96500 x 8.95 

- 8.95 gor cu as 
= 27202.36 C 
Or use direct formula 
Ewx I (A) xtsec 7 
= m ~ Q=It 
96500 (= Q=10 
63.5/2xO 
j “hed = 27202.36 C 
96500 Q 
Second method 
1F=1 Eq of Cu 
63.5 
= — g of Cu 
J g 

63.5 


1 orai = 96500 C 


- 895 gof Cu = 20500%2*8.95 
63.5 
= 27202.36 C 


What is the (i) volume of gases evolved at STP and (ii) pH of 


solution on the electrolysis of 10 L of the following solutions 
when 1 F of electricity is passed: 


4. Aqueous solution of Na,SO, 
b. Aqueous solution of CH,COONa 
¢. Aqueous solution of HCOOK 

a. 


i. Since ee 4of H,O> EO gof Na® ion. 
and E9 sig of HLO > EP xid of SO,” ion. 


So the reduction and oxidation of H,O takes place to give 
H, (cathode) and O, (anode), respectively. 


oxi 


At cathode: 
H,0 +e OH + shale) (Reduction) 
At anode: 


H,O = Lo, (g)+ 2HE +2e7 (Oxidation) 
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e 8 


First method 
At cathode: 
22.4 
le =1F= = mol of H; T 


=11.2 LofH, 


At anode: 
22.4 
2e =2F= Z mol of O, E SE 


22.4 
i eee 5.6 1 OF 
i 2x2 : 


Total volume of gases at STP = 11.2 + 5.6= 16.8 L 
Second method 

At cathode: 

1F=1Egh,= = L=s1i12L H; 

At anode: 


1 F= 1 Eq0,= HAL =56L 


(n factor for O, = 4) 
Total volume = (11.2 + 5.6) = 16.8 L 


ii. pH of solution 


O p 
Since OH ions are formed at cathode and H® ions are 
formed at anode. So they will remain in the solution and 
will neutralize to give neutral solution. 
At cathode: 
1F=1Eq OH 
© Equivalent 1 
OH] = ————_ == NorM 
oe VolumeinL 10 
At anode 1 F = 1 Eq of H® 


or 2 F=2 mol of H® 
[H®]= AN or M 
10 


=n 
Therefore, 0.1 M OH ion will neutralize 0.1 M HÊ ion 
to give neutral solution with pH = 7. 


i. CH,COONa(aq) "+ CH,COO~ + Na® 


Since E° „4 of H,O > EO ea of Na® ion, so reduction of 
water takes place at cathode to give H,(g). 


At cathode: 
© 1 
H,O +e —> OH +=H, Î (Reduction) 


At anode: 
Kolbe’s reaction: 


2CH,COO” —> 2CH,COO' + 2e” (Oxidation) 


CH,—CH, t]<—2CH, +[2C0, | 


Ethane 


——$_ 
———— 
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> take ive 
At anode, the oxidation of CH,COO° takes ei tog 
2 mol of CO,(g) and 1 mol of ethane (C,H,) gas. 


At cathode: 


l q 224 -11.2 LofH 
le =1F= 5 mol of H = 7 lI. 2 


At anode: 
2e-= 2 F=(2 mol of CO, + | mol of C,H,) 


7. 2 F=3 mol of gases 


3 
mol of gases 


IF= 7 
3 
= =x 22.4 LatSTP 
= 33.6 Lat STP 
Total volume of gases at STP = (11.2 + 33.6) 


=44.8L 

ii. pH of solution: Solution will be basic due to the 

formation of OH ions at cathode. 

le~=1F=1Eq OH ion, 
Equivalent F 1Eq 
VolumeinL 10L 

-. pOH = 1 => pH= 14-1=13 


[OH] = =10-' NorM 


i. HCOOK(aq) Electrolysis HCOO® ae K® 


Since E? sa of H,O > E®_,, of KÊ ion, so reduction of 
H-O takes place at cathode to give H,(g). 
At cathode: 

_ O |! 
H,O + e —> OH + 5 Hale) (Reduction) 


At anode: Kolbe’s reaction 


2HCOO° —>2HCOO’ + 2e (Oxidation) 


| 
H (g8) <—— 2H’ +[2C0,(g) T| 


At anode, the oxidation of HCOO” takes place to give 
1 mol of H, (g) and 2 mol of CO. (g). 


At cathode: 
-=ig= l 22.4 
z mol of H, =11.2LofH, 
At anode: 


2e =2 F=(1 mol of H, +2 mol of CO,) 
2 F = 3 mol of gases 


3 
LPS A mol of gases 


3 
= ti 22.4 Lat STP 


= 33.6 L at STP 
Total volume of gases at STP = 11.2 + 33.6 
=448 L 


li. pH of solution = 13 [Proceed as in part (b) (ii) above] 


18.97 g fused SnCl, was electrolyzed using inen 

1.187 g Sn was deposited at cathode. If nothing coh 
during electrolysis, calculate the rano ot weight of Sn¢y * 
SnCl, in fused state after electrolysis. Given: aan 


Atomic weight of Sn = 118.7, Mw of SnCl, =1897 My 
SnCl, = 260.7 ' 


U80 Fused SnCl, __Bilectrolysis_, Spt + 2C 0 
At cathode: Sn?‘ + 2e (Re din 
At anode: 2CI° —> Cl, (g) + 2e (Oxia 


Further, Cl,(g) formed at anode reacts with left oye, Sii 
to give SnCl,. 1 
SnCl, + Cl, —> SnCl, 


>» Sn 


During electrolysis: 

Eq of SnCl, lost = Eq of Cl, formed = Eq of Sn formes 
Wsn 

Ewof Sn 
1.187 


ee Sn2*+ +2636 
118.7/2 diá 


=2x 107 
Eq of SnCl, lost = Eq of Cl, formed 
= Eq of SnCl1, formed 
= Eq of Sn formed 
=2 x 10? 
Now total loss is equivalent of SnCl, during complete cous 
= Eq of SnCl, lost during electrolysis 


+ Eq of SnCL lost during reaction wit: 


Eq of Sn formed = 


n factor of Sn= 


=2x 10? +2 x 10?=4 x 102 
Eq of SnCl, (initially) = 18978 — 3x10"! 
i 189.7/2 


Eq of SnCl, left is molten solution 
=2x10!-4x102=0.16 
Eq of SnCl, formed = 2 x 10-2 = 0.02 

Weight of SnCl, le 


Weight of SnCl, left x Ewof SnCl, Al 
a e y 
Weight of SnCl, formed Weight of SnCl, form 


x Ewof SnCl, 
(0.16 x 189.7/2) -58 


3-13 IONIC STRENGTH ) 


i 
ry ` . ect" 
l he tonic strength (11) of a solution is a measure of the* si" 
intensity due to the presence of ions in the solution "sy 
as half of the sum of all the terms obtained by ™ aes yale 


concentration (molality) of each ion by the square 
Mathematically, we have, 


lonic strength (yw) = + 9 6,2; 


— 


2 2 2 
(AZ +Z +Z +++) 


_ l 
2 
where Cp Cp 3? * 
Jy are t 


Calc 
9.1 Mor 0.1 m solution of KCI, CaCl,, Na,PO,. 


1 > 
a. |! Kes 5 L GZ, "3 (cZ? +0,2") 


= = (0.107 +0.1(-1)°] =0.1 


b. CaCl, ——> Ca? + 2C1© 
Initial conc 0.1 m 0 0 
Final conc 0 0.1m 2x 0.1 =0.2 m 


Molality of Ca?* = 0.1, valency of Ca?* = 2 
Total molality of CI® ions = 0.2, valency of CIS = 1 


] 
n p(l) = 5 LZ) =5 (aZ +0,23) 


E 5 (0.10) +0.2(I)?] =03 


c NaPO, —> Wat + POF 
Initial conc 0.1 m 0 0 
Final conc 0 3x0.1=0.3m 0.1m 


Valence of Na® = 1, Molality of Na® = 0.3 
Valency of PO,>- = 3, molality of PO,* = 0.1 


NaPO) = 4 (AZP +e25°)= (0.30)? +016] 
= 0.6 


B KO — K® + Cr 
Initial conc 0.1m 0 0 
Final conc 0 0.1m 0.1 m 
o KSO, — 2K® + 50? 
Initial conc 0.2m (0) 0 
Final conc 0) 2~*0.2=0.4m 0.2m 


| Total molality (m,) of K® ion = 0.10 + 0.4 = 0.5 
Charge (Z) of K® ion = | 
Total molality of C] (m,) = 0.1 
aige (Z,) of CI® ion = 1 

Otal a 
Char molality of SO,?- ion (m,) = 0.2 

8¢ (Z;) of SO, ion = 2 
ence, the ionic strength is: 


H=- 2 
2 GZ + 62,7) + 052," 


1 
5305 0? +0.10 +0.2(2)?] =0.7 


_ are the concentrations or molalities and Z}, Z,, 
he valencies of the various ions present in the solution. 


ulate the ionic strength (u) of the following electrolytes: 


Calculate the ionic strength of 0.1 m KCI and 0.2 m K,SO,. 
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Calculate the ionic strength of a solution made by mixing the 
equal volume 0.01 m KCI and 0.02 m AIC]. 


0.01m 
(BOMB After mixing [KCI] = -5 = 0.005 m 


[Since equal volumes are mixed] 


os 0.02 
After mixing [AICI,] = “a 0.01 m 


+, [K®] = 0.005 m, Z, = 1 

[A+] = 0.01 m, Z, = 3, 

[C18] = 0.005 (from KCI) + 3 x 0.01 (from AICI,) 
= 0.035 m, Z,=1 


1 
p= 5% + AN $ GZ) 


— = [0.00501 + 0.01(3)} + 0.035(1)°] 


= 0.065 


3.14 SOME COMMERCIAL CELLS 
(BATTERIES) 


Although every spontaneous redox reaction can be used as the 
basis of an electrochemical cell, yet every such electrochemical 
cell is not suitable for commercial purposes. This is because of 
the following two reasons: 

a. Electrochemical cells using salt bridges have high internal 
resistance. As a result, if we try to draw large current from 
them, their voltage drops sharply. 

b. They lack the compactness and ruggedness (rough handling) 
for portability. 

An electrochemical cell to be used as a commercial cell must 
fulfil the following two requirements: 

a. It should have the compactness, lightness, and ruggedness 
for portability. 

b. Its voltage should not drop much during use, i.e., drop in 
voltage should be negligible over the small interval of time 
during which it is being put to use. 

Ifa number of cells are connected in series, the arrangement 
is called a battery. However, the term battery is sometimes used 
even fora single cell. Strictly speaking, such a usage is not correct. 

Various commercial cells may be classified mainly into the 
following three types: (a) primary cells, (b) secondary cells, and 
(c) fuel cells. 

Primary cells are those in which the redox reaction occurs 
only once and the cell becomes dead after some time, and cannot 
be used again. Two common examples of this type are dry cell 
and mercury cell. . 

Secondary cells are those which can be recharged by passing 
an electric current through them and hence can be used over and 


M 


T 
| 
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e f this type are lead storage Mercury Cel | 


again. Two well-known examples 0 
battery and nickel-cadmium storage cell. vo 

Fuel cells are those in which the energy sews i 
the combustion of fuels such as H,, CO, CH,, ete; 1 ae 
converted into electrical energy. Such a conversion is possi 
because combustion reactions are also redox reactions. 


A brief description of the examples of each type Is given 


below. 


3.14.1 PRIMARY CELLS 
Two main examples of primary celss are dry cell and mercury 


cell. 


Dry Cell 


A dry cell is a compact form of the Leclanche cell. It consists of a 
cylindrical zinc container which acts as the anode. A graphite rod 
placed in the centre (but not touching the base) acts as the cathode. 
The space between the anode and the cathode is so packed that 
the zinc container is in touch with the paste of NH,Cl and ZnCl, 
and the graphite rod is fitted with a metal cap and the cylinder is 
sealed at the top with pitch. The zinc container is covered with 
cardboard to protect it from the atmosphere. 


Zinc container 
(anode) 


Cardboard 
cover 


Graphite 
(cathode) 
MnO, + C 


Paste of NH,Cl 
+ ZnCl, 


p OESE E a a 


m me e ae am 


(—) 


Fig. 3.9 A commercial dry cell consists of graphite (carbon) cathode in 


Zn container; the latter acts as the anode 


The reactions taking place at the electrodes are quite 
complex. However, they can be represented approximately as 
follows: 


At anode: Zn (s) —> Zn**(aq) + 2e 


4 
At cathode: MnO, + NH, + @—> MnO(OH) + NH, 
or 

2MnO,(s) + 2NH,%(aq) + 2e —> Mn,0,(s) + 2NH,(g) + H,O 
(i.e., Mn has been reduced from oxidation state +4 to +3) 

The NH, formed is not liberated as gas but combines 
immediately with Zn” ions and CI® ions to form complex salt 
[Zn(NH,),] Cl,” (tetrammine zinc (II) chloride). These cells have 
voltage in the range 1.25 V to 1.50 V. However, they do not have 


a lone I; sah 
g life because the acidic NH 4Cl corrodes the zinc container 
even when the cell is not in use. 


Mercury cell is used in small electrical devices such ag hast 
tin 

and watches. It consists of zinc container as the anodę ka i 

rod as the cathode, and moist mercuric oxide mixed with Carbo, 


At anode: 
iS) 

Zn(Hg) + 20H —> ZnO(s) + H,O(/) + 2e 

At cathode: 

HgO(s) + ALOU + 2e —— Hg) + 20H 

Overall reaction: 

Zn(Hg) + HgO(s) —> ZnO(s) + Hg(1) 

As the overall cell reaction does not involve any ion who: 
concentration may change, therefore this cell gives a constan 
potential of 1.35 V throughout its life. However, the spent celk 
should be reprocessed for mercury recovery or treated to prever 


mercury or mercury compounds from entering the atmosphere zy; 
causing pollution. 


Cell can 
Cathode 


Fig. 3.10 Commonly used mercury cell. The reducing agent is zinc and “° 
oxidizing agent is mercury(II) oxide 


Gasket Separator 


3.14.2 SECONDARY CELLS 


Two main examples of secondary cells are Jead storage 0% 
and nickel-cadmium storage cell. 


Fig. 3.11 Lead Storage battery of 6 v 


Lead Storage Battery obilé® 
This is one of the most common batteries used in the i 

A 12-V lead storage battery generally consists of six 0 
producing 2 V. Each cell consists of a lead anode (0f ê Ai J 
filled with finely divided spongy lead as the anode) *” trodes 
lead packed with lead dioxide as the cathode. Thes¢ ne 


arranged alternately, separated by thin wooden or fibre 


| a nm -n dilute sulphuric acid (38% by mass or having a 
ind aspen g cm 2) which acts as the electrolyte. 
w? ofl. 


ens ease the current output of each cell, the cathode plates 
o inc . 
h ‘ned together an 


d the anode plates are also joined together 
hh. ye)! em in the alternate positions of course), i.e., the cells 
Ý $ joer" ted in parallel (anode to anode and cathode to cathode). 
A se connec output voltage of 12 V, six cells are connected in series. 
4} gohave am electrode reactions that occur during discharge 

| oa the external circuit is closed) are as follows: 
jea W 
' At anode: | f 
Pb(s) + SO,” (aq) PbSO,(s) + 2e 
at cathode: 
PbO,(s) + sor + 4H®%(aq) + 2e — PbSO,(s) + 2H,O 


Overall reaction 


Pb(s) + PbO,(s) + 4H®(aq) + 2S0, (aq) 
i —> 2PbSO,(s) + 2H,O 


pee ee aAa 
From the above equations, it is obvious that H,SO, is used 
up during the discharge, As a result, the density of H,SO, falls. 
When it falls below 1.20 g cm”, the battery needs recharging. 
During recharging, the cell is operated like an electrolytic 
cell, ie., now electrical energy is supplied to it from an external 
source. The electrode reactions are the reverse of those that occur 
during discharge: 


PbSO,(s) + 2 —> Pb(s) + SO 4° (aq) 
PbSO,(s) + 2H,O — PbO, (s) + SO,? (aq) + 4H®(aq) + 2e 


2PbSO, (8) + 2H,O > Pb(s) + PbO,(s) + 4H®(aq) + 2SO,? (aq) 


Such operation is possible because PbSO, formed 
during discharge is a solid and sticks to the electrodes. It is, 


therefore, in a position to either receive or give up electrons 
during electrolysis. 


Source or 


Meter direct ore \ 
oe 


m 


Discharing Recharging 
Fig. 3.12 Discharging and recharging of a lead storage cells 


Nickel-Cadmium Storage Cell 


— another rechargeable cell which is becoming more and 

| than eae especially in the calculators. It has a longer life 
A Ca sige Storage cell but is more expensive. It consists of a 
i nick = electrode (as anode) and a metal grid containing 
el (IV) oxide (as cathode) immersed in KOH solution. 


Ce l 
foll lectrode reactions occurring during discharge are as 
ows: 


Positive plate 

Separator 

Negative plate 

Fig. 3.13 A rechargeable nickel-cadmium cell in a jelly roll arrangement 
and separated by a layer soaked in moist sodium or potassium hydoxide 


At anode: 


Cd(s) + 20H (aq) —> Cd(OH),(s) + 2e- 
At cathode: 


NiO,(s) + 2H,O + 2e°—> Ni(OH),(s) + 20H (aq) 
Overall reaction 


Cd(s) + NiO,(s) + 2H,O —> Cd(OH),(s) + Ni(OH), (s) 


All the reactants and products in the overall reactions are in 
solid state. 


As in the lead storage cell, the reaction products adhere to the 
electrodes. Hence, the reactions can be reversed during charging. 
Further as no gases are produced during discharging or recharging, 
the battery can be sealed. 


The potential of each Ni-Cd cell is approximately 1.4 V. 


3.14.3 FUEL CELLS 


Galvanic cells that are designed to covert the energy produced 
during the combustion of fuels such as H,, CH,, CH,OH, etc., 
directly into electrical energy are called fuel cells. One such cell 
which has been very successful is the hydrogen-oxygen fuel cell. 
This cell was used as the primary source of electrical energy on 
the Apollo moon flights. The weight of the fuel sufficient for 11 
days in space was approximately 200 kg. This may be compared 
with several ions that would have reacted. Moreover, the product 
of combustion, namely, water, was used for drinking by the 
astronauts. 


Cathod 
Anode of porous Anode ya mai 
carbon containing s Cathode of porous 
suitable catalysts carbon containing 


suitable catalysts 


Concentrated 


ML DULL 


J 
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LLL Lb 
ALPE LY La bo LELI 
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—— ~ oil is shown in 
: wel cell is S$ n. 
ply Os tue s containing 
-orhon electrodes co 

It consists of porous carbon Ponies in them 
ie a gene (finely divided Pt ot ona consenttattd KOH 
SHANE DA isa “electrode reactions. the 
òr increasing the rate of elec ' sctrodes to act as 
se ORAON is placed between the electro 
or NaOH solu ` 


e e “tI ) rt e \ y ises 1 y g h 
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The general design of 


the porous ele š 
electrode reactions take place: 


Atanode:  2H,(@) + 40H (aq) —> 4H,0(1) + 4e- 


At cathode: O,(g) + 2H,O(I) + 4e° > 40H (aq) 


Over reaction: 
2H,(g) + O,(g) —> 28,0(1) 


(a) Advantages | | 
Thus, gaseous materials are consumed and continuously supplied. 

Because of the continuous supply, such cells never meee 
dead. Such a cell is usually operated at a temperature of 70—140°C 
and gives a potential of about 0.9 V. 

Theoretically, fuel cells are expected to have an efficiency 
of 100%. However, practically they give an efficiency of 
60-70%. Still they are much superior to the thermal power plants 
in which fuels are burnt to produce heat which then changes water 
into steam to run the turbine. Such a power plant does not have 


efficiency of more than 40%. Another advantage of fuel cells is 
that they do not cause any pollution. 


(b) Disadvantages 
The construction of fue] cells is, however, faced with certain 
technical, economic, and practical difficulties. A few of these are 
as follows: 

a. Provision of contact between the three phases needed ina 


fuel cell, i.e., the gaseous fuel, the liquid electrolyte, and 
the solid Catalyst. 


b. The corrosiveness of the electrolytes used. 


c. High cost of the catalysts needed for the electrod 
(e.g., Pt, Pd, Ag, etc.) 

d. Problem of handlin 
and high pressures. 


3.15 CORROSION 


The most common exa 
Rust is hydrated ferric 
include tarnishing of 
copper, bronze, etc. 


€ reactions 


& gaseous fuels at the low temperatures 


mple of corrosion is th 
oxide, Fe,O 
silver, deve 


e rusting of iron. 
3*H,0. Some other examples 
lopment of green coating on 


The formation 


explained in the following steps: 


y 

: a i The water vapours on the surface of the metal i 
à CO, and O, from the air. Thus, the Surface of M | 
coved with the solution of CO, in water, ice, cy 
acid (H,CO,). 
H,O +CO, —>H,CO,; a 
This acts as an electrolytic solution of the cel]. The thy 
acid and water dissociate to a small extent ag follow, i 


p 2- 
H,CO, s= 2H” + CO, 


| 


2 , ; ‘ 
b. Iron in contact with dissolved CO, and oxygen , 
oxidation as follows: 
Fe(s) — Fe** + 2e (E° x = 0.44 V) +i) 
Thus, the sites where the above reaction takes place acta 
anodes. As a result of the above reaction, iron jg CONVerte 
into ferrous (Fe**) ions. 
c. The electrons lost by iron are taken up by the He iia 
present on the surface of the metal which were produce; 
by the dissociation of H,CO, and H,O. Thus, H® ions ar 
converted into H atom. 
H® +e¢—>H „(iy 
These H atoms either react with dissolved OXYZEN OF oxygey 
from the air to form water. 
aH + O, —> 2H0 ... (¥) 
Multiplying Eq. (iv) with 4 and adding to equation (v), te 
complete reduction reaction may be written as 
O, + 4H®+ 4e —_5 2H,0 (E°_., = 1.23 V) ...(V1) 
The dissolved oxygen may take up electrons directly to fom 


OH ions as follows: 


“(ii | 
nderg, 


O, + 2H,0 + 4e-—_ 40H 


The sites where the above reactions take place act 8 
cathodes. 


Adding Eqs. (iii) and (vi), the overall reaction of t 
miniature cell will be 


2Fe(s) + O,(g) + 4H®(aq) —> 2Fe**(aq) + 2H,0()): 
Ə =]67V 
EY ei 7 . , 
Note; It may be mentioned here that if water is saline, it helt 


a . ` i 2s 
n the flow of Current in the miniature cell and hence enhat’ 
the process of corrosion. 


; l not 
d. The ferrous tons formed react with the dissolved oxy 
Oxygen from the air to form ferric oxide as follows: 


4Fe2+ + O, + 4H,0 —, 2Fe,O, + 8H%aq) 


Terrie nav: st 3 
Ferric Oxide then undergoes hydration to form ™ 


follows: 


Fe,0, + xH,O —, Fe,0,-xH,O 
(hydrated ferric Oxide—rust) 

It may be noted that th 
it does not Stick to th 
Iron surface for furt 
represented diagr 


m 
, und 1. 
e rust is a non-sticky comp? esl 


e surface. It peels off ap is 
her rusting. The scheme of ™ 
ammatically in Fig. 3.15. 


Water droplet 


yn surface 


fe? aq) + 2e- 
ation: Fe( ae 4H® ( +4e 7 
2+(aq) + 2H 


orrosion of iron in atmosphere 


oxidation: 2Fe “at 40,00) — Fe,0,(s) + 4H® (aq) 
Fig. 3-15 C 

ince HÊ ions are involved in the reduction of O,. As 
the pH is increased OF [B°] is lowered, reduction of O, 
is less favoured. SO Fe in contact with a solution whose 
pH is above 9-10 does not corrode. B 

b. Saline water helps in the flow of current in the miniature 

| cell and increases corrosion. Therefore, 1n places where 


it snows heavily in winter and salting of roads is done, 


vehicles undergo greater rusting. 

_ Rust is formed at a site other than the site where pitting 
has occurred, 1.€., cathode is generally the area having 
the largest amount of dissolved O,, and the rust is often 


formed there. 


3.15.2 FACTORS WHICH PROMOTE CORROSION 


a. Reactivity of the metal. More active metals are readily 
corroded. 

b. Presence of impurities. Presence of impurities in metals 
enhances the chances of corrosion. Pure metals do not 
corrode, e.g., pure iron does not rust. 

c. Presence of air and moisture. Air and moisture accelerate 
corrosion. Presence of gases such as SO, and CO, in air 
catalyze the process of corrosion. Iron when placed in 
vacuum does not rust. 

d. Strains in metals. Corrosion (e.g., rusting of iron) takes 
place rapidly at bends, scratches, nicks, and cuts in the metal. 

e. Presence of electrolytes. Electrolytes, if present, also 


in . l 
| crease the rate of corrosion. For example, iron rusts faster 
in saline water than in pure water. 


3.15.3 PREVENTION OF CORROSION 


Co . 
edie el by a number of ways. Some of these 
a. i 
Ri e The metal surface is not allowed to 
This can be EN oxygen, and carbon dioxide. 
i eme eve oy the following methods: 
Bn a is coated with paint (or by some 
with air a aie which keeps it out of contact 
i. By ae ,etc., ia the paint layer develops cracks. 
che ac film of oil and grease on the surface of 
: ieee machinery, the rusting of iron can 
haitii o ince it keeps the iron surface away from 
ii. The iron Aaa and carbon dioxide. 
iia ie is coated with non-corroding metals such 
» Chromium, aluminium, etc. (by electroplating), 


| 


or tin, zinc, etc. (by dipping the iron article in the molten 


metal). This again shuts out the supply of oxygen and 
water to iron surface. 
h phosphate or other 


iv. The iron surface is coated wit 
dherent insoluble film 


chemicals which give a tough a 
which does not allow air and moisture to come 1n contact 


with iron surface. 


. Sacrificial protection: Sacrificial protection means covering 


the iron surface with a layer of metal which is more active 
(electropositive) than iron and thus prevents the iron from 
losing electrons. The more active metal loses electrons in 
preference to iron and converts itself into ionic state. With 
the passage of time, the more active metal gets consumed 
but so long as it is present there, it will protect the iron from 
rusting and does not allow even the nearly exposed surface 
of iron to react. The metal which is most often used for 
covering iron with more active metal is zinc and the process 
is called galvanization. The layer of zinc on the surface of 
iron when comes in contact with moisture, oxygen, and 
carbon dioxide in air, a protective invisible thin layer of 
basic zinc carbonate ZnCO,Zn(OH), is formed due to which 
the galvanized iron sheets lose their lustre and also tends to 
protect it from further corrosion. 

Iron can be coated with copper by electro-deposition from a 
solution of copper sulphate or with tin by dipping into molten 

metal. Now if the coating is broken, iron is exposed and iron 

being more active than both copper and tin is corroded. Here 

iron corrodes more rapidly than it does in the absence of tin. 

At times, zinc, magnesium, and aluminium powders mixed 

with paints provide decorative protective coatings also. 


. Electrical protection/cathodic protection: The iron object 


to be protected from corrosion is connected to a more active 
metal either directly or through a wire. The iron object acts 
as cathode and the protecting metal acts as anode. The anode 
gradually disappears due to the oxidation of the metal to its 
ions due to loss of electrons. Hydrogen ions collect at the 
iron cathode and prevent the rust formation. The iron object 
gets protection from rusting as long as some of the active 
metal is present. Metals widely used for protecting iron 
objects from rusting are magnesium, zinc, and aluminium 
which are called sacrificial anodes. 


Earth surface 


Ae E E ee e a a 


oo ee A ee E 


rs ots Magnesium’ ”- ao a Iron pipe 2 a 
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E eee O, + 2H,0 + 4e-—> 40H 


Fig. 3.16 Electrical protection of underground iron pipes 
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mployed in the cathodic protection 
of iron pipes buried in the moist soil, canals, storage n 
etc. Pieces of magnesium are buried along the pipeline an 
connected to it by the wire as shown in Fig. 3.16. 


solutions: These are’ alkaline phosphate 
events the 


Magnesium is oftenly e 


d. Using anti-rust ka 
and alkaline chromate solutions. The alkalinity pr 


availability of hydrogen ions. In addition, phosphate tends 
to deposit an insoluble protective film of iron phosp 
the iron. These solutions are used in car radiators to prevent 


rusting of iron parts of the engine. 


hate on 


CONCEPT APPLICATION EXERCISE 3.2 


1. A current of 40 microampere is passed through AgNO, 
solution for 19.3 min using platinum electrodes. 50% of 
cathode is occupied by a single-atom-thick silver layer. 
Calculate the total surface area of the cathode, if one silver 
atom occupies 5.5 x 10°!¢ cm? surface area. 

2. Copper sulphate solution (250 mL) was electrolyzed using 
a platinum anode and a copper cathode. A constant current 
of 2 A was passed for 16 min. It was found that after 
electrolyses, the absorbance of the solution was reduced 
to 50% of its original value. Calculate the concentration 
of copper sulphate to begin with. 

3. Ag | Ag® || Cu” | Cu 
The above cell initially contains 1 M Ag® and 1 M Cu” 
ions. Calculate the change in the cell potential after the 
passage of 9.65 A of a current for 1 hour. 

Given: E° 2+) cu = 0.34 V and E®, @ iag = 0-80 V. 

4. EO pi3+ | pi and E? ou2+ | cu are 0.226 V and 0.344 V, 
respectively. A mixture of salts of Bi?* and Cu? at unit 
concentration each is electrolyzed at 298 K. To what value 


can [Cu**] be brought down before bismuth starts to deposit 
during electrolysis? 


5. 1 Laqueous solution of NaCl was electrolyzed between Pt 
electrodes by passing a direct current of 12.87 A for 100s. 
With a current efficiency of 75%, calculate the pH of the 
solution after electrolysis assuming no change is the volume 
in solution. 


6. The density of Cu is 8.94 g mL“!. Determine the quantity 
of electricity required to electroplate an area 10 cm x 10 cm 
to thickness of 10? cm using CuSO, as electrolyte. 


7. a. In seth reactions, what weight of substance 
would be liberated i ici 
SBA Sa ed if 1 F of electricity were passed 
i. Cu2* + 2e°-—_5 Cy 
iii. 2C]J9 —_, Cl, + 2e 
b. In the series of cathodes/anod 
coulombs are needed to prod 
i. Cu ii. A] 


ii. AP* + 3e- — A] 

iv. Ag? + e —> Ag 

es given above, how many 
uce | g of each of 

iii. Cl, iv. Ag 


ANSWERS 
1. 316.8 cm? 2. 0.08 M 


3. i 
4. [Cu] = 104M E e1 increases j 0.015 V 
s 21172 © 


5.pH=12 
7. (a) G) 31.75 g (ii) 9 g (iii) 3 


| 5.5 g (iv) 108 g 
(b) (i) 3039.4 C (ii) 10722.2¢ (iii) 2718.3 C (iv) 893.5 C 


Substan 
as conductors whereas subs 


to pass thr 


ELECTROLYTIC SOLUTION 


ces which allow electricity to pass through them fee | 
tances which do not allow clog | 


ough them are called as insulators. Conducta tt | 
8 at 


divided into two types. 


a. Electronic conductors: Substance, which conduct el 


A se Ectriçi 
without undergoing any decomposition when curren | 


passed are called electronic conductors, e.g., metals, arah \ | 
and certain minerals. The conductance is due to the fy | 
electrons. Graphite and certain minerals conduct ele, 


due to the presence of free electrons in them. y 


. Electrolytic conductors or electrolytes: Substance, 


or solutions which conduct electricity and underp, 
decomposition when current is passed through them ate 
called as electrolytic conductors or electrolytes, e.g, Solutio 
of acids, bases, and salts in water, molten, or fused Salts 
etc. The flow of electricity is due to the movement of 7 
hence these are also called ionic conductance, 


Electrolytes are classified as follows: 


i. Strong electrolytes ii. Weak electrolytes 


iii. Non electrolytes 


i. Strong electrolytes dissociate almost completely in 
aqueous solution or in the molten state and hence conduc 
electricity to a large extent. For example, 


Strong acids: H,SO,, HCl, HNO,, HCI1O,, etc. 
Strong bases: KOH, NaOH, CsOH, Ca(OH),, etc. 
Inorganic salts: NaCl, KCl, MgCl, CaCl, etc. 


li. Weak electrolytes have low degree of dissociation ait 
hence conduct electricity to a small extent, e.g., solution 
of sugar, urea, etc. 

lii.Non electrolytes do not conduct electricity at all. Fo! 
example, solutions of most organic compounds. 


3.16.1 FACTORS AFFECTING ELECTROLYTIC 


- Concentration of the solution: More dilute 


f 
. T . : o. . eases” 
emperature: The dissociation of electrolyte incr e 


ea 
- Nature of Solvent: Greater the polarity of a solvent g 


CONDUCTANCE 


- Nature of electrolyte: Strong electrolytes ionize almo 


completely in the solution and hence conduct electe? 
to a large extent whereas weak electrolytes ionize t0 ™ 


extent and hence conduct electricity to a small exten" 
(les 


concentration) a solution, more is the conductanc? 
strong electrolyte, the inter ionic attractions are e 
lower concentration whereas in a weak elect! ee 


. . . . 1 i j | 
degree of 10n1Zation increases on dilution. SO with 
conductance increases, 


ease” 


increasi c 
asing the temperature and hence conductance tel 


is the ionizati l tance 
© lonization, and hence greater is the condu? 


A e. s . 0 v 
Viscosity of solvent: Lesser is the viscosity of the ® 


greater is the conductance. 


Ay 


| ons produced and their solvation: Greater 
ze, greater is the solvation of the ions (i.e., 


f the ions with the solvent), and hence less is 


size of the ic 
' is the ionic SI 
combination o 
the conductance. 

FACTORS AFFECTING METALLIC OR 
ELECTRONIC CONDUCTANCE 

trical conductance through metals depends upon: 


lec r š ` 
qhe ele d structure (i.e., electronic configuration) of the 


P Nature an 


metal. 
Number of valence electrons per atom. 
b. 


Temperature of the metals as conductance decreases with 

ý he increase of temperature because on heating the positive 
ions ofthe metal atoms start vibrating and produce resistance 
(hindrance) in the flow of electrons. 


3.2 Difference between metallic conductors and 
electrolytic conductors 


Electrolytic conductors 


a Conduct electricity without) Conduct electricity with 
the decomposition of the| the decomposition of the 
substance. substance or electrolyte. 


Table 


Metallic conductors 


b. The conductance decrease 
with the increase of tem- 
perature due to vibration 
of Kemels (positive ions) 
which produces resistance 
in the flow of electrons. 


The conductance increases 
with the increase of tem- 
perature due to the increase 
in dissociation (or ionization) 
in cases of weak electrolyte 
and due to decrease in the 
inter-ionic attractions in strong 
electrolyte. 


& Flow of electricity is due to | Flow of electricity is due to the 
the flow of electrons only, | movement of ions and hence 
and not flow of matter. The | there is flow of matter. 
conductance depends upon 
the structure, density, and | . 
number of valence elec- 
trons per atom of metal. 


— 


. n ~— m e . 
d. The resistance is due to| The resistance is due to inter- 
vibrating kernels. ionic attractions and viscosity 
of solvent. 


dilis 


3.16.3 RESISTANCE AND CONDUCTANCE OF 
SOLUTIONS 


h hindrance provided by solution on the passage of current is 


Pa ii stance and is represented by symbol R. Every substance 
Fo to the flow of electricity to a small or large extent. 
is ap w ts calculated by Ohm's law. It states that if voltage V 
it fee Gi the ends of a conductor and current / flows through 
= VF 


Meas Current is generally measured in amperes, whereas voltage is 

haa 1n volts. If one ampere current flows through a conductor 
c à Voltage of one volt is applied to it, the resistance of the 
Ondu ; 


t ctor is 1 ohm (Q) which in terms of SI base units is equal 
kg m3342) 


B 


Thus, according to Ohm’s Law, 


R= L or ohms = Volts/Amperes 
I 


_ V-_ Work per unit charge 
OA. A 
Work 1 Fxl_ |l 


x — = 


~ Charge A Axt A 


or Q 


mxaxl  kgms*xm 
AY APs 
= (kg m*)/(s? A?) 
Like metallic conductor, solutions of all electrolytes obey 


Ohm’s law. Greater is the resistance provided by a substance, lesser 
will be the flow of electricity through it. 


3.16.4 RESISTIVITY AND CONDUCTIVITY OF 
SOLUTIONS 


Resistance can be measured with the help of a Wheatstone bridge. 
The electrical resistance of electrolytic solutions is directly 


proportional to its length (/) and inversely proportional to its area 
of cross section (a), i.e., 


Ræ 2 ee 
a a 


The constant of proportionality p (Greek, rho) is called 
resistivity (specific resistance). Its SI unit is ohm metre (Q m) and 
quite often its submultiple, ohm centimeter (Q cm), is also used. 


IUPAC recommends the use of the term resistivity over specific 
resistance. 


Physically, the resistivity for a substance is its resistance (R) 


when it is 1 m (or 1 cm) long and its area of cross section is 1 m? 
(or 1 cm’), i.e., 


1Qm=100Qcmorl Qcm=0.01Qm 
If/= 1 cm, and a= 1 cm?, then R= p 


Resistivity is defined as the resistance (R) of a conductor 
whose length is 1 cm (or 1 m) and area of cross section is 
1 cm? (or 1 m°), i.e., it is the resistance of ] cm? of the conductor 
or in terms of SI units, it is the resistance of 1 m? of the conductor. 


The inverse of R is called conductance, G. 
a 


| a l 
Thig O= =, 6 x= [Since R= a 
R pl j Pa 


The SI unit of conductance is Siemens, represented by the 
symbol S and is equal to ohm™ (also known as mho) or Q"!, 


The inverse of resistivity, called conductivity (specific 
conductance) is represented by the symbol « (Greek, Kappa). 
IUPAC recommends the use of the term conductivity over specific 
conductance. The SI units of conductivity are Sm! or Q! mo! 
or ohm! m! or mho m, but quite often x is expressed as 


S cm”!. 


= Mo 
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Conductivity of a solution is defined as the conductance of 
a solution of 1 cm (or 1 m) length and its area of electrodes of 
1 cm? (or 1 mò). 

Alternatively, it is defined as the conductance of 1 cm 
(or | m?) of the solution of electrolyte (see Fig. 3.17). The SI units 
are conductance of | m? of the solution. 


3 


Thus.1 Sem! = 100 S nv! 
a 


k¢— 1cm ae 
Fig. 3.17 Specific conductivity or conductivity 


If the volume of the solution is V cm}, the conductivity of 
such a solution at this dilution V is written as Kp. Similarly, at 
concentration c, it is represented as K. 

Units: 
Resistivity (p) = R r 


_ ohm) 
cm 


= ohm cm or Q cm or Q m (SI units) 
Conductivity (or specific conductivity) (x) = 


1 
ohm cm 


1 
5 = ohm! cm! or Q! cm! 
= S cm™! or S m”! (SI units) 


Note: Conductivity is an additive property but resistance is 
not. 


3.16.5 EQUIVALENT CONDUCTIVITY, MOLAR 
CONDUCTIVITY, AND CELL CONSTANT 


The conductivity of solutions of different electrolytes in the same 
solvent and at a given temperature differs due to charge and size 
of the ions in which they dissociate, the concentration of ions or 
ease with which the ions move under a potential gradient. It is 
therefore necessary to define more meaningful quantities called 
equivalent and molar conductivities. 

Equivalent conductivity of a solution at a dilution V is defined 
as the conductance of all the ions produced from | g equivalent of 
an electrolyte dissolved in V cm? of the solution when the distance 
between the electrodes is | cm and the area of the electrodes is so 
large that whole of the solution is contained between them. I is 
represented by A, (lambda). Thus, mathematically, 


e 


7 _«x1000 cm? 
Aeq = i me eee cm? Eq ! 


where A,, ÍS the equivalent conductance (in ohms! 


eq!) of the solution at dilution V, « = specific con diti Cm? 
the solution at dilution V, V is the volume of the ia of 
cm? containing | g equivalent of the electrolyte, ang i Nin 
normality of the solution. Thus, the formula along with a e 
each quantity is: Its 

i K (Scm_') x (1000 cm°L ') 

AaS Eq!) = neea 


N (geq L!) 
Units: 
3 

= Kx V = ohm cm la 
Neg= E” g Eq 

= ohm! cm? (g Eq!) 

= QŒ! cm? Eq! 

= ŞS cm? eg! 


= § m? Eq! (SI units) 
1 S m? Eq! = 104 S cm? Eq! 
In terms of SI units, the A "I is: 


K(S m’) 


A = S m2 Eg!) = ————— 
aT Om ET) WN (gEqm) 


Note: There is no multiplication with 1000. 

N is expressed in g Eq L!. 

Thus, 
x(S m`) 

N (g Eq L’) x 1000 L m~” 

Molar conductivity of a solution at a dilution / is ù 
conductance ofall ions produced from one mole of the electroive 
dissolved in V cm? of the solution when the electrodes are | 2 


apart and the area of the electrodes is so large that the whole a 


the solution is contained between them. It is usually represen: 
by A 
m 


K x 1000 ` 
y jew ohm" cm? mole! 


where A, is molecular (or molar) conductance (m ohm , 
mole!) at dilution V, x is the specific conductance of the sou" 
> $. r ` n R š p A i ni 

at dilution V, V is the volume of the solution in em’ coni 
e P a ala ` ` ~ ag vp. 

| mole of the electrolyte, and M is the molarity of the solute 


ite . : ; -l gar 
Units: Comparing with Avg the units of Ay, will be ohm ef 

=] ~ 2 ~- 3 ~ ` -l S ue 
mol! or S cm? mol! or Qt em? mol! or S m? mol”! (SLY 


A,, Gm Eg’) = 


| S m? mol! = 10? S em? mol ! 
| S cm? mol! = 10 S cm? mol! 

Thus, the formula along with units of each quantity ° 
M (mol L') 


In terms of SI units, the formula is: 


A a(S em? mot!) = 


K (Sm) 


Am (S m? mol!) = ——>——— 
M (mol m”) 


b 
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Note: There is no multiplication with 1000. 


x(S m`!) 
M (mol m™°) x 1000 L m=? 


M (S m? mol!) = 


gelationship between molar and equivalent conductivities 


if (v, 24) OF (V z_) is the total charge of cations (or anions) of a 
ingle electrolyte, it follows that 
sus 


| mol = (v, z,) (1 equivalent) 
K K 
Hence. Bon = M Nog N 
N=n factor x M 
N=(v,z,) XM 


= Total charge (cation or anion) x M 


or 


K = Ay, 
Avg 7 (v,z,) xM (v,z,) 
A 
A = 


*4 Total charge of cations (or anions) 
or 


k= Aeq x Total charge of cations (or anions) 


oe a 
Cell constant: The quantity — is called cell constant and 
a 


is denoted by the symbol G*. It depends on the distance between 
electrodes and their area of cross section and has the dimension 
of length"! and can be calculated by knowing the value of / and a. 
The measurement of / and a is inconvenient and unreliable. It is 
determined by measuring the resistance (R) of the cell containing 
a solution whose conductivity is already known. 


KCI is generally used for this purpose, whose conductivity 
is known accurately at various concentrations and at different 
temperatures. The cell constant G* is given by 


G= P RK 
a 
G* : 
= Fy or G* G (Since //R = G = conductance) 


Specific conductance = Cell constant (G) * Conductance 
(G). 


P cm e 
Units: G* = — > cm! or m7! (SI units) 
cm 


3.16.6 MEASUREMENT OF THE CONDUCTIVITY OF 
IONIC SOLUTIONS 


Accurate measurement of an unknown resistance can be performed 
on a Wheatstone bridge. In finding the resistance of the solution 
of an electrolyte (an ionic solution), there occur two problems. 

Firstly, passing direct current (DC) changes the com position 
ofthe solution, i.e., electrolysis of the solution occurs. As a result, 
the Concentration of the electrolyte near the electrodes changes 
Tesulting in the change of the resistance of the solution. This effect 
S called polarization effect. 

This problem is resolved by using an alternating current 
(AC) source of power in the audio frequency range of 550 —5000 


cycles per seconds (or Hertz, Hz). The source of AC is either an 
induction coil or a vacuum tube oscillator which is quieter and 
gives more symmetrical current. However, when AC is used, 
ordinary galvanometer fails to detect the null point. Hence, the 
galvanometer is replaced by earphone as the detector. Further, to 
minimize the polarization effects, the electrodes are coated with 
platinum black, i.e., finely divided platinum deposited on the 
electrodes electrolytically. 

Secondly, a solution cannot be connected to the bridge like 
a metallic wire or any solid conductor. This problem is solved 
by using a specially designed vessel called conductivity cell. It 
is made up of pyrex glass and two platinum electrodes at a fixed 
distance apart. 

The two platinum electrodes coated with Pt-black are 
separated by distance /, having area of cross section equal to a. 
Therefore, solution confined between these electrodes is a column 
of length / and area of cross section a. The resistance of such a 
column of solution is given by: 

R= seen e et 

a Ka K 

Once the value of cell constant (G*) is determined by 
measuring the resistance of the cell containing a solution of 
KCl, whose conductivity is known, it is used for measuring 
the resistance (R) or conductivity (K) of any solution, by using 
Wheatstone bridge (Figs. 3.18 and 3.19). 


(G* = cell constant) 


Conductivity cell 
Mg (unknown) 


‘gn (Variable) 


4 Detector 


Fig. 3.18 Arrangement for measuring the resistance of the solution of an 
electrolyte 


A Wheatstone bridge consists of two resistances R, and 
R, a variable resistance R, and the conductivity cell having the 
unknown resistance R,. The Wheatstone bridge is connected by an 
oscillator O (a source of AC power in the audio frequency range 
of 550 to 5000 cycles per second). P is a suitable detector (a head 
phone or an earphone or other electronic device), and the bridge 
is balanced when no current passes the detector called null point. 


R R 
When null point is obtained, —b = — 
R, R, 
RR 
Unknown resistance, R, = ——* 
< R, 


rik nee of Ri, R3, and R,, R, can be calculated. 
Nowadays, inexpensive conductivity metres are available which 
can directly read the conductance or resistance of the solution in 
the conductivity cell. 


FY 
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Alternate method 
The complete assembly for the measurement of the electrolytic 
conductance is shown in (Fig. 3.19). 

A suitable value of the resistance (R) is introduced from the 
standard resistance box such that when the jockey (i.c., sliding 
contact) is moved along the stretched wire, the sound in the 
earphone is reduced to the minimum, say at the point B. If X 1s 
the resistance of the electrolytic solution, by Wheatstone bridge 
principle, then 


Resistance Y Resistance of wire BC 
ASSAS A a or T o 
Resistance R Resistance of wire AB 


_ Length BC 
~ Length AB 


Length BC 


Resistance Y= Resistance R x 
Length AB 


Thus. knowing the resistance R and the balance point B, 
the resistance Y of the electrolytic solution can be calculated. Thus, 


l ” Length AB 


] 
Conductance, G = y = R Length BC 


(Variable resistance) 


R (Standard resistance box Resistance 


X Conductivity 


Source of AC Experiinental 


(Oscillator) sóltition Platinized Pt 


electrodes 
Fig. 3.19 Assembly for the measurement of electrolytic conductance 


Once the cell constant and the resistance of the solution in 
the cell is determined, the conductivity (specific conductance) (x) 
is calculated as 


Cell constant G* 1 / l 
oe EG ee 


R R Ra a 
Once x is calculated, then Aeg and A,, are calculated by the 
expression 
_ kx 1000 A= Kx x 1000 


eq N° ™ M 


Conductivity water: For accurate results, the solutions should be 
prepared in a specially purified water whose own conductance is 
very small. Such water is called conductivity water. 

Alternatively, to get the resistance of the electrolyte, the 
resistance of water used for making the solution is determined 
and then subtracted from the resistance of the solution. 


The resistance of a conductivity cell filled with g , 
solution is 100 Q. If R of the same cell when filled 
0.02 M KC! solution is 520 Q, calculate the conductiyit W 
molar conductivity of 0.02 M KCI solution. The n 
of 0.1 M KCI solution is 1.29 mr, Ctivity 


Sol. Cell constant, G* = Conductivity x Resistance 
=1.29Sm!~x 1009 | 
= 129 m`! = 1.29 cm! 

Conductivity («) of 0.02 M KCI solution = — 


Kc 


= 0.248 m! 
Concentration = 0.02 M = 1000 x 0.02 mol m> 
= 20 mol m”? 


ductivity (A,,) = 7 
Molar conductivity (^ p) e Wale 


= 124x107 m mol! 
Alternatively 
129 cm”! 
5202 
«x 1000 cm? L! M`! 
M 
0.248 x107? S cm?! x1000cm? L! 
0.02 M 


=0.248 x10 Scm™ 


and ji 


= 124 S cm? mol! 


The electrical resistance of a column of 0.05 M NaOH soluton 
of diameter 1 cm and length 50 cm is 5.55 x 10° ohm. Calev! 
its resistivity, conductivity, and molar conductivity. 


Ol) Area (a) = nr? = 3.14 x (A) 


= 0.785 cm? 
= 0.785 x 107 m? 
/=50cm=0.5 m 
_ pl Ra §.55x 10° ohm x 0.785 cm 
R= — orp = c feet oS L 
a l 50 cm 
= $7.135 ohm cm 


) Som! =0.01148 sot 
87.135, 


KX 1000 cm? p 
M 

0.01148 S cm” x10 

7 0.05molL 


Conductivity (K) = t = | 
p 


Molar conductivity (A,,) = 
| 


3 
000cm L 
l 


| 
= 229.6 S cm? mol 


p 


Alternatively 


The values of different quantities in SI units (i.c., in terms 


of “m ` instead of “cm’’) 
Ra _ 5.55* 10° ohm x 0.785 104 m? 


PTO 0.5m 
= 87.135 x 107 ohm m 
l 100 = hee 
oe ohm m =1.148Sm! 
KO 87.135 ee 
F K 1.148Sm! 229.6 x 10-4 > 
A =-=: = 6x S Š 
and Am co §0molm? ? a 


The resistance of 0.01 N solution of an electrolyte is 210 Q at 
vog K with a cell constant of 0.88 cm™!. Calculate the 
conductivity and equivalent conductivity of the solution. 


l 
E: =:210 ohm. — = 0.88 cm! 
a 


1 l 1 

= ee A E 10 « 10> -] cm7! -l 
R a 210 0° ohm™ cm™ or S cm 
_xx1000 _4. 19x10 x1000 

fi: N 0.01 


= 419.05 S cm? eq! 


The resistance and conductivity of 0.02 M KCI solution are 
82.4 ohm and 0.002768 S cm”, respectively. When filled with 
0.005 N K,SO,, the solution had a resistance of 324 ohm. 
Calculate: 

a. Cell constant 

b. Conductance of K,SO, solution 

c€. Conductivity of K,SO, solution 

d. Equivalent conductivity of K,SO, solution 

e. Molar conductivity of K,SO, solution 

/ 


4. From KCI data: k = ki x — 
R a 


'. L (cell constant) = K ~ R = 0.002768 * 82.4 
7 = ().228] em ! 
From K,SO, data: 
] 
324 


b. R= 324 ohm, G - = 4.06674 107°S 
¢ 


Cc k= Gxt = 3,086 7 10 * 4 0.2261 
a 


~704~%104Sem'! 


© « «1000 _ 7.04 «10 ° x 1000 
ği N o 0.005 
= 140.8 S cm’ eq ' 
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Kx1000  7.04x10 * x 1000 


0.005/2 
= 281.6 S cm? mol! 


[n factor for K,SO, = 2; M= N/2] 


The resistance of decinormal solution of a salt occupying a 
volume between two platinum electrodes 1.80 cm apart and 
5.4 cm? area was found to be 32 ohm. Calculate « and Aq, 


HSB Given R = 32 ohm, /= 1.80 cm, a = 5.4 cm? 
1 / J 1.8 8 


e A= 
i M 


ee Lx- xtË =0.010419m' 

R a 32 54 

_ xx1000 _ 0.01041 x1000 _ 104,1 S cm? eq! 
cq N 0.1 


A,,, of 0.10 N solution of Cal, is 100. 0S cm? eq ' at 298 K. G* 
GE the cell = 0.25 cm !. How eh current will flow when the 


potential difference between the electrode is 5 V? 
KX 1000 — Neg x N 


eq N - 1000 
_ 100x0.1 


=0.01Scm | 
K 


G(conductance) = G * (cell constant) 


0.01 
= 0.04 ohm”! or S 


il 


Potential difference (by Ohm's law) 


Current in ampere = 
Resistance (ohm) 


The resistance of a solution A is 50 ohm and that of solution B 
is 100 ohm, both solutions are taken in the same conductivity 
cell. If equal volumes of solution A and B are mixed, what is the 
resistance of the mixture using the same cell? (Assume there is 
no change or increase in the a of A and B on mixing) 


Sol, For solution A, 
Conductivit i 
Y (xa) 
l 


x (G * 


S0 ...(i) 


For solution B, 
p "G *is same 
(ii) for A and B 


C (Conductance) * G* (cell constant) 


Conductivity (x,,) = l * 
ETT *? 


——_— 
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When equal volumes of A and B are mixed, dilution sina 
doubled in both the solutions. Hence, their individua 
contribution towards the conductivity of the mixture will be 


ive ivity of the mixture 
«,/2 and Kp/2, respectively, and conductivity of 


Ka +K 
will ve ( a e), 


, Ka +K l i 
For the mixture: (st) =a xG* .. (il) 


From Eqs. (i), (ii), and (iii), we get 


R = 66.67 ohm 
Te 


3.16.7 lonic CONDUCTANCE 

The conductance of an ion in the solution is inversely proportional 
to its size in the aqueous solution. For example, Li® ion has a very 
high charge-to-size ratio (charge density) due to which it gets 
hydrated to a large extent, when dissolved in water. 


Thus. Size of Li®(aq) >> size of Li®(g). 


Note: 
© Tele) > Tna®a) > TLi®(a) PU Taq) < FNa®(aq) ~ TLiPCaa) 
A An K®(aq) A An Na®(aq) z Am Li®(aq) 
e A heavily hydrated ion drags water molecules along with 
it when it moves in a solution which makes it less mobile 
(or less conducting). 


e Size of HÊ(g) and OH (g) ions are extremely small yet 
they have a very high conductance value in the solution (as 
opposed to what you might have expected). Infact, H® ions 


O 
have the highest A, at any temperature followed by OH 
ions. The is due to the mechanism by which they travel in 
the aqueous solution. 


H® moves in the solution as shown: 
H H 


H H 
H—O—H+0—H > T 


Arrange the following compounds in the order of increasing 
conductance in aqueous solution HCI, LiCl, NaCl, KCl. 
Sol. Note that anion C]® is same in all the given compounds. 


So, the conductance value will only depend on the size of 
cation in aqueous solution. 


Since A, p” Amge”? A 
Hence, A 


m Na® = Ay Li? 
m HCI? ^m KCI? AmNact 7 Am Lici 


Arrange the following compounds in the order of decreasing 
molar conductivity in aqueous solution. 
i. a. K[Co(NH,),(NO,),] 
b. [Cr(NH;),(NO,)] 
C. [Cr(NH,),(NO,)], [Co(NO,),], 
d. Mg[Cr(NH,)(NO,).] | 


ii. a. Lif[Co(NH,), (NO,)4] 
c. K[Co(NH,)> (NO24! 
a. Pt(NH,), Cl 
c. Co(NH,)4C!, 


——_ 
b. Na[Co(NA;),(No,) ` l 
b. Cr(NH,),Cl, ° 


d. KPtCl, 


Conductance OF conductivity 1n an aqueous Solut; 
i ` Iq 
depends on: A 


. Since the anion part is same in all th 


- In this question, first write these compounds i got 


Greater the number of ions in solution, more 7 

conductance. 8 the 
For same number of ions, greater the charge on the: 

more is the conductance. On, 
If the number of ions and charge on the ions are ¢ n 

then conductance is inversely proportional to its P 
the aqueous solution. ein 
For example, the size of Cs” > Rb® > K® > Na? 13 
Thus, smallest ion should move more rapidly, howey., 
ionic mobility shows the reverse trend because smalle 
‘ons are more extensively hydrated (due to high dhe 
density) and thus hydrated ion size for these ions js be 


Li®(aq) > Na®(aq) > K®(aq) > Rb*(aq) > Cs*(aq) 


@[ +3 0 —|x4 | 
° K| Co(NHs)s (NO3), + aq =—— 


K® + [Co(NH,), (NO,) f 
(Two ions with charge +1 or- 


D 


+3 0 -1x3 


No ionization (no ions with zero charg 


eg 


+3 —lx6 


; |En, (NO,) |, [Cocsi6,) | +a = l 


O 


+3 0 =S | 2+ i 43 -b6 ~= 
3) Cr (NH3); (NO,)| +2} Co(NOz);_ 


(Five ions with charge =~ 0 or~ 


-1x5 


>| +3 0 J 
Mg’? | Čr(NB3); (NO, ); | +aq ~~ 


z 


+3 0 w F 
,) 7 
Mg + | Crone); (NO})s_ 
[Two ions with charge = ~- o- 
So the decreasing order of conductance is: 
c>d>a>b 
e coordinat 
duce ih 
- ` š < alen sam 
solution (2 ions) and charge (+1 or —1) 1$ also sa! A 
f H . ` the 100 
the conductance will depend on the size of He! fe 
p ® . . ts 5 ; 
aqueous medium and inversely proportional to! 
So, the size of these ions in aqueous solution IS 
“cb + 

Li®(aq) > Na®(aq) > K® (aq) > Cs®(ad) 
and conductance is reversed. 
.. Decreasing order of conductance is 

d>c>b> , 


. . s i f 
of coordination compounds, knowing theif a 
number. For example, 


E CN for Pt**, Crt, Co = 6, 
PNE [PtONH;)6]C1, taq = 
| 


È 0 44 
PENHS), + 4C 

[5 ions with charge = +4 or ~4] 
b. Cr(NH,)6Cl; = [Cr(NH3),JCL, + aq == 


| 43 0 3+ 
Cr(NH), | +3c1° 
| [4 ions with charge = +3 or —3] 
| c. Co(NH,),Cl, = [Cr(NH,),CL JCI =. 

| (because CN = 6) 


ie 0 ~|x2 ® 
Cr(NH,), ch, +cl° 


(2 ions with charge = +1 or —1) 


f o [a -x67 
d. K,PtCl, = K,[PtCl,] Fag == 2K +| Pt Cl, 
[3 ions with charge = +2 or —2] 


So decreasing order of conductance is: 


a>b>d>c 
—_—_—_———= 


3.16.8 VARIATION OF SPECIFIC CONDUCTIVITY, 
EQUIVALENT, AND MOLAR CONDUCTIVITIES 
WITH CONCENTRATION 


For both weak and strong electrolytes, the electrolytic conductance 
(G) as well as the equivalent conductivity (A,,) and molar 
conductivity (A „) increase with dilution whereas the specific 
conductivity (or conductivity) (x) of an electrolytic solution 
decreases with dilution. This is explained as below. 

The conductance of an electrolytic solution is due to the 
mresence of ions in the solution. The greater is the number of ions, 
the greater is the conductance. 

On dilution, more ions are produced in solution, so the 
conductance (G) also increases on dilution or decreases on 
increasing the concentration of the solution. 

Conductivity (or specific conductivity, K) always decreases 
with dilution, both for weak and strong electrolytes [Fig. 3.20(b)]. 
This is due to the fact that the total number of ions in the solution 
creases on dilution but the number of ions per unit volume 
hat carry the current in the solution decreases on dilution. The 
‘Pecific conductivity (or conductivity, K) of a solution at any given 
Concentration is the conductance of one unit volume of solution 
Kept between two electrodes with unit area of cross section and 
‘ta distance of unit length. This is clear from the equation 

G= KX@ m or cm] 
l 
: Equivalent conductivity (Ax) and mol 
à Solution at a given concentration is the 
P Volume V of a solution containing one g ae 
““ttolyte, respectively, kept between two electrodes with area 
"Cross section a and distance of unit length. 


| 


[both / and a are unity in 


ar conductivity (^m? 


Eq or one mole of 
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conductance (C) of 


KxXa 


Beg De =K 


Since /= | and a = V (volume containing | g equivalent or 
| mole of electrolyte) 
New =f Ks) 


Equivalent and molar conductivity increase on dilution 
(or decrease in concentration) because the total volume V of a 
solution containing | g equivalent or 1 mole of electrolyte also 
increases. It may be noted that decrease in «K on dilution of a 
solution is more than compensated by increase in its volume. 
Physically, it means that at a given concentration, A,, or A,, can 
be defined as the conductance (G) of the electrolytic solution kept 
between the electrodes of a conductivity cell at unit distance but 
having the area of cross section large enough to accommodate 
sufficient volume of solution that contains 1 g equivalent or 
1 mole of the electrolyte. When the concentration approaches zero 
(or infinite dilution), the equivalent or molar conductivity at infinite 
dilution is known as limiting equivalent or molar conductivity and 
is represented by the symbol A°,, or A? n (or A” eq OF A” ,)- The 
variation in A, qO! K.., with concentration (or dilution) is different 
for strong and weak electrolytes (Fig. 3.20). 


400 T | CH;COOH 


Neg(S cm? eq’) 
or 
Ag (S cm? mol™})} 200 


Agcy Aken 


02 0.4 
Increase in concentration 
Increase in dilution 
Je M3 

(a) 


For both weak and 
Kstrong electrolyte 


K(S cm7!) 


0 0.2 0.4 
Increase in concentration 
Increase in dilution 
Je M 
(b) 


Fig. 3.20 (a) Molar conductivity (Am) or equivalent conductivity (Agq) Or 
pe aoa (G) for acetic acid (weak electrolyte) and potassium 
chloride (strong electrolyte, in aqueous solution). (b) Specific 


conductance (or conductivity) (x) for 
stro d 
in aqueous solution a ng and weakelectrotytes 


Variation of ign or Do with Dilution 
Electrolytes 


for Strong and Weak 


Strong electrolytes a 
The A. or Ap of strong electrolyte increases slowly with dilution 
b - 

and can be represented by Debye Huckel—Onsager equation 


Neg Na” Ave or Wa Na” Ave 
AC = Ag — Ave or Ap = A m ~ Avec 
against Vc is plotted [Fig. 3.20(a)], a 


A_ or 
Ifa plot of Aq ot Am or A° „and a slope equal to 


E E Ao 
straight line with intercept equal to eg FA uke i 
—4 is obtained at lower concentration, but it is not linear for higher 


concentration. The value of the constant A fora given solvent and 
temperature depends on the type of electrolytes, i.e., the charges 
on the cation and anion produced during the dissociation of the 


electrolyte ìn the solution. 
Thus, NaC | (Na® CI®) is known as uni-univalent (or +1, -1) 
electrolyte ous 

BaCl, (Ba Cl,) is known as bi-univalent (or +2, —1) 
electrolyte. 


+2 -2 


CaSO, (Ca SO,) is known as bi-bivalent (or +2, —2) 
electrolyte. 
Therefore, electrolytes of a particular type have the same value of 
A. For example, for CaSO, and MgSO, (+2, —2 type), the value 
of A is same. 


Moreover, the curve obtained for a strong electrolyte shows 
that there is small increase in G, Neg or A, with dilution. This is 
because a strong electrolyte is completely ionized in solution 
and so the number of ions remains almost constant. 


At higher concentration, the greater inter-ionic interaction 
decreases the movement of the ions and therefore conductance 
decreases with increasing concentration. 


On dilution, the ions are far apart, and therefore inter- 
ionic attraction decreases and hence conductance increases and 
approaches a maximum limiting value at infinite dilution. 


Weak electrolytes 
The conductance of weak electrolytes is less than that of strong 


electrolytes at the same concentration since weak electrolytes are 
not completely ionized [Fig. 3.20(a)]. 


. Moreover, the curve for weak electrolytes shows that there 
is a very large increase in the conductance with dilution near the 
infinite dilution since on dilution the degree of ionization increases. 
Thus, an increase in conductance with dilution is due to the increase 


in the number of ions in the solution. However, it 
a limiting value. 


It is also observed that the plot for a 
becomes linear near high dilution and can be e 
concentration to get the value of A° or A° 

m eq’ 


= ree for A weak electrolyte, A mOr A,,, increases sharply 
10n. Hence, an extrapolation at ite dilution j 

ai infinite dilution is 

: oe ah DI Experimentally, it is also not possible 

start = A rA nValue for a weak electrolyte because 

zation is complete but the number of ions per 


unit volume is so low that th ivi 
e con nn 
accurately. ductivity cannot be measured 


does not reach 


strong electrolyte 
xtrapolated to zero 


This problem was solved by Kohlrausch who gave 


known as Kohlrausch law. 


3.17 KOHLRAUSCH LAW OF i 
“INDEPENDENT MIGRATION o; 


a lay 


IONS 


Kohlrausch concluded that each ion makes a definite contribut 
to the total molar conductivity of an electrolyte at infinite dilute 
irrespective of the nature of the other ion of the electrolyte th 
individual contribution of an ion towards the total molar con ie | 
ity of the electrolyte is called molar ionic conductivity. Ag a reuh | 
of these studies Kohlrausch in 1876 put forward a generalization | 
known after him as Kohlrausch law. It states as under: | 

The molar conductivity of an electrolyte at infinite dilution i 
the sum of the ionic conductivities of the cations and anions e a 
multiplied with the number of ions present in one formula unit of 
the electrolyte. 
Mathematically, 

A°,, for A,B, = XA? ayt + YA? px 
where A° _, is the limiting molar conductivity of the electrolyte x 
infinite dilution. 

xà? A® and y A°B® are the limiting molar conductivities of 
the cations and anions, respectively, at infinite dilution. 


For example, 
(0) = o L TYO PN 
A° n for NaCl = A?ae + A cO 
(e) — o me o 
o = O pp, 42710 5 

In terms of equivalent conductivities, Kohlrausch’s law is 
defined as: 

The equivalent conductivity of an electrolyte at infini 
dilution is the sum of two values one depending upon the canon 
and the other upon the anion, i.e., 

O ~ jo o 

A eq A c +h a . ` 
where A° -is the limiting equivalent (or ionic) conductvity oft 
electrolyte, and A°_ and A°, are the limiting equivalent (of 100 
conductivities of the cation and anion, respectively, at infin 
dilution. Kohlrausch examined A® „values for a number ot a 
electrolytes and observed certain regularities. It was found O° 

C ` z FV e yi 
the difference in A° n of the electrolytes NaX and KX for a 
is nearly constant. For example, 

9 — o = A? üi o 
A m(KCI) A m(NaCl) A mi KBr) A m(NaBr) 7 
2 mo 
or = A? — A? ~234Scem 2 
A MKD 7 A mad 23 
o |. 
AS , = 9 = 2 > =a -À 
Nat À Cl À K® À Br“ N j a 


= 30 o _}° E i 
ates A? gaS I 


2 + oO _ 
K® À CI , 


~ 23.4S cm? mol” 


and similarly it was found that 


o 
A m(NaBr) ` A? (NaCl) a A? (KBr) — AY KC) 


AS o  _j4o = 
[ Na® +h Br° À Na® Aer A? 


| 
n gso 


0 ve) 
o y er 
Ke tA o MR 


- 
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T APPLICATIONS OF KOHLRAUSCH LAW 
3,40 


-.» of Molar Conductivity and Equivalent 


n , o w 
calcu ivy at Infinite Dilution (A° or A®) for Weak 
on 


rlectrolyte 


olar or equi 
dilution canno 


valent conductivity of a weak electrolyte at infinite 
t be determined experimentally or by plotting a 

h. This is because the conductance of such electrolyte is low 
ge ciation of such an electrolyte is not complete even at 
ae tion. Therefore, using Kohlrausch law of independent 
f ions, it is possible to calculate A° m or A®., for any 
m A° of individual ions. For example, for weak 
h as acetic acid, it is possible to determine Ma 


infinite dilu 
migration © 
electrolyte fro 
electrolytes suc 
or Av eg 3$ 

Kpn (CH3C00H) ` A? ccoo * Age 

This equation can be obtained by knowing the molar 
or equivalent conductivities at infinite dilution for the strong 


electrolytes such as KCI, CH,COOK, and HCl, as by Kohlrausch 


law. 
A? ycHycOOK) 7 *°cH3coo® + A Ke 
Aac) TA Ke t Acie 
A HCl) ~ Apa + Age 
Thus, 
A? a(CH3C00B) — A? a(CH3COOK) + A? (HC) ~ A? n(KCl) 
ot [A°cH,co09 * Ape] = [A cH3co0® + Me] + Apo tA cel 
- [A ke + Aco] 


Calculation of the Degree of Dissociation 


According to Arrhenius theory of electrolytic dissociation, on 
dilution, the degree of ionization increases and at infinite dilution 
the dissociation is almost complete. So on dilution increasing the 
number of ions increases the molar conductivity and is maximum 
at infinite dilution. Thus, if A°,, or Aeq is the molar or equivalent 
conductivity of a solution at any concentration c, and A° n or A? eq 
is the molar or equivalent conductivity at infinite dilution, then, 
for weak electrolytes, 


c 


A 
Degree of dissociation (a) = Am => 
Co Na 


. The value of A° OLD A for a weak electrolyte is calculated 
using Kohlrausch law. 
culation of the Dissociation Constant of a Weak 
lectrolyte (K, or K,) 


For weak electrolytes such as CH,COOH or NH,OH, it is possible 


to = ; ; T : 
determine the value of its dissociation constant, if the value of 
& 1s known. Thus, 


— ca? _ c(A‘,,)” E c(A‘,, j 
l- a) (A° y t= Aia N'i (Aa E A m) 
m A. 


Ca ; 
Iculation of the Solubility of Sparingly Soluble Salt 


Ifa S . . 
H Pak is sparingly soluble in a given solvent, its concentration 
en as its solubility in the saturated solution. 


Moreover, the given salt is very less soluble in the given 
solvent. Its molar or equivalent conductivity at some concentration 
is taken as its molar or equivalent conductivity at infinite dilution. 


Thus, lim A‘, =A°,, and lim Aeq = A°eq 


c70 c0 


« x 1000 K x 1000 
—— of aa 


Thus, lim Afm =A° n= if 5 


c>) 
(S = solubility in mol L-7!) 
: ; « x 1000 « x 1000 
limA a PA ag a aa or B 
c>0 


(S= solubility in Eq L~’) 
A° n or A®,, can be computed using Kohlrausch law. 


Thus, S can be computed and can be used to calculate the solubility 
product. For example, for Al(OH), if S mol L! is the solubility, 


then 


© 
A\(OH), === AP* + 30H 
S 35S 


K = [Al] [0H]? = § x (3S =27S* 


pute: IN eng Pala tage 


The conductivity (x) of a saturated solution of AgBr at 298K 
is 8.5 x 10-7 S cm’. If A°,,@ and à° p5 are 62 and 78 S cm? 
mol, respectively, then calculate the solubility and X m of AgBr. 


MDM meagBr = A ag® +A pO 
= 62 + 78 = 140.0 S cm? mol! 
- A° = _ «x1000 
Ss A m (AgBr) i An (AgBr) = > 
4 3 
140.0: Siem? mot = PO ae 
S 
7. S=85 x 1077 x 103/140.0 
= 0.06 x 10% mol L~! 
= els T 
0.06 x 10%" x MW aap. 
= 0.06 x 104 x 188 g L7! 
= 1,128 x 103 gL" 
Ky of AgBr = S2 M? = (0.06 x 10+) 


= 3.6 x 107!! mol*L~ 


LEN 
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The E vite of 0.001028 M acetic acid is 4.95 x 10° S 
cm~}. Calculate dissociation constant if TNS for acetic acid is 
390.5 S cm? mol". 
1000cem" 
Eedeni 


Kx1000 4.95x 10% S em 
ppa,- NAO 
i M 0.001028 mol L 


= 48.15 S cm? mol! 


48.15 Sem? mol! 


asa wa = 0.1233 
A®, 390.5 S em* mol” 
ca? 0.001028 mol L” x (0.1233)? 
A 3) (1 — 0.1233) 


= 1.78 x 10-5 mol L~! 


The molar conductivity of acetic acid at infinite dilution is 390.7 
and for 0.01 M acetic acid is 3.907 S cm? mol !. Calculate (a) 
a and (b) pH of solution. 


EB- Mn 23.07 _ 99) 
A°,, 390.7 


CH,COOH = CH,COO° + H® 
Initial conc é 0 0 
Final conc c(l-a) ca ca 


~. [H®] = ca = 0.01 x 0.01 = 10% M 
pH = -og (104) = 4 


The ionic equivalent conductivities of C,0,7, K®, and Na® 
ions are x, y, and z S cm? Eq"! eeiiy, onih Ag, of 
(NaOOC—COOK). 2H,0. 


‘Sol Total charge = 2 


Charge on the ions 
Number of equivalent of ion = esd ie ate sel Al 


Total charge 


N 


“, Equivalent of C,0,? = Fi =] 
Equivalent of Na® = 7 Eq of K? = ; 


A? , = D ` I p) 
eq (Na0OOC—COOK) A eq(C20,% ) + 2 A eq (Na?) 
e = 96 


- (11242 Z) S emžeg"! eq_ 


The ionic a Snaapeabdgllaele of C,0,”, K®, and Na® i 
x', y', and z' S cm? mol” ', respectively. Calculate A oa 
of (NaQOC—COOK). 2H,O. s 


+A? 


Ons ate 
and 


“Sol. An? = Am (C042) t A? m (Na®) m (K®) 
= (x! + y' + 2') S cm? mol! 
AS = A'm „Cty se ee Eq"! 
ca Total charge — 2 


Comparing the solution with that of illustration 3.80, We be 


raz) o (24242) 
Tota) 2 


The i ionic equivalien gadities of K®, Apt , and S02 
ions are x, y, and z S cm? Eq"! and ionic molar conductivitie 
are x’, y’, z’ respectively. Calculate A° a and A, for 
es ‘Al,(SO,),°24H,O) (Potash alum). i 


il A° „ for potash alum = 2K ®) + t 24° mat) + 4A Ka 


= (2x + 2y’ + 42’) S cm? mol" 
Total charge on potash alum = (+8 or —8) 


Charge on the ions 


Number of equivalent of ion = Total charge 


Ae 


2x'+2y' + 42’ 
eq = ~ © 


8 


K,SO,-Al,(SO,),-24H,O —> 2K® + 2AP> + 480,> 


+ 24H.0 
g 2 
` Equivalent of K® = Lide : Eq 


' Equivalent of AB* = 


“. Equivalent of SO, = —— =1 Fq 


z =})° o . o 
A cq(potash alum) À K®) +À 3+ +À 


eq(Al- 


xx+2 È v Se =} i 
X+—xX y+I]xz= +—+2 ‘a 
4° 4+ 4 


eq( aSo, 


ol 
4 
Comparing equivalent conductivities (i) and (ii) 


X 3y > 2y'+ =) IE! 
— += +z S cm? ee pan -. „mt Eq 
(2 4 | S em” Eq = | Sc 


From the following molar conductivities at infinite dilutt™ 
A? m for Ba(OH), = 457.6 Q! cm? mol! 
A? n for BaCl, = 240.6 Q-! cm? mol-! 
A? n for NH,Cl = 129.8 Q-! cm? mol! 


Calculate See for NH, OH. 


| 
| 


Electrochemistry 3.67 


| (Sol. Refer section 3.17.2 
| ee y A = l 2 | 
A [Ba(OH)2] ~ À Ba2+ + 2ho 457.6 S cm* mol 


ca 


~ = 490 + fe) 5 = i 2 -1 
An BaCl) Aba2+ + 20°10 = 240.6 S cm? mol 


=À9 o a= 2 E 
A? m (NHAC) ANHy® + a9 = 129.8 S em? mol! 


Am (NHJOH) — Ammian * > Ai [Ba(0H)] ~ > An (BaCl) 
l 
| = 129.8 + — (457.6) -$ (240.6) 


= 238.3 S cm? mol"! 
J aaaaaaaaaaaaaualaaaalalaalalaŘaaaaaaaaaaasssaaiħiasso 
3.17.2 DETERMINATION OF IONIC PRODUCT 
OF WATER FROM CONDUCTANCE 
MEASUREMENT 


The ionic product of water is, K, = [H®] [OH] 
: O 
Since in pure water, [H®] = [OH] = 107 M, 


H°] = [OH] = yK, sali) 
The ions are present in such low concentration that molar 
ionic conductivities may be taken as the ones at infinite dilution, 


so that: 
hye = 1° ne and XO = .°OH 
oa [het °OH = 547.6 S cm? mol] 
ed ne = Neg (or A? n = Ap) for water. 
(Since total positive or negative charge = 1) 
kK x 1000 
N 


x x 1000 
Msg (ori) 
K x 1000 
Ag (Ore) 


N for H,O = M for H,O = 


[H*] = [OH] = 
P kx1000 T 

K, = [HP] [OH] = ed halk Ae 
A° q (rA° m) 


3.17.3 DETERMINATION OF HYDROLYSIS 
CONSTANT (K,) OF A SALT OF STRONG 
ACID AND WEAK BASE (S,/W,) FROM 
CONDUCTIVITY MEASUREMENT 
K 
iA i salt can be determined from conductivity measurements. 
im, i the concentration of the salt BH® CIO (e.g. NH4? C19) 
i a from a weak base (Wp) and strong (S4). BH® (cation of 
) undergoes hydrolysis in the solution as: 
BH? +H O == B + H,O? 
If his the degree of hydrolysis, then 
[BHS] =el); [H,0®] = ch 
[C19] = [BH®] ca [H,0®] 


Therefore, conductivity of the solution is given by 
K, =(1-/)k, + hK, (i) 


K, —K a 
L 2 (ii) 
37 Ky 


Rearranging equation (i), we get A = 


where K, is the conductivity of the unhydrolyzed salt of 
concentration c, and K, is the conductivity of the HCI solution of 
concentration c. An alternate form of equation (i) is: 


Ant “OWA n + BAgs s (ii) 
Rearranging equation (iii), we get 
h= Ani- Am Ang -An . (IV) 


where A, is the molar conductivity of the hydrolyzed solution; 
Am2 18 the molar conductivity of the unhydrolyzed solution of 
concentration c; and A_, is the molar conductivity of the HCl 
solution of concentration c. 


Note: The value of K, or ^ „2 can be determined experimentally 
by adding an excess of the base to the solution, which causes 
equilibrium to shift to the left, i.e., it minimizes the hydrolysis. 


Knowing the value of A from either of the two equations (i) 
to (iv), the hydrolysis constant (K „) can be obtained by using the 
expression: 


An aqueous solution of 0.001 M aniline hydrochloride 


® 
(Ph NH; Cl°) had A, = 120.0 S cm? mol. When few drops 
of a weak base (aniline, PhNH,) is added, A,, decreases to 
100.0 S cm? mol-!. A WHC) at same concentration = 
400 S cm? mol!. Calculate A (degree of hydrolysis) and K, 


~ 


(hydrolysis constant) of aniline hydrochloride. 


i aa “a: S =) 
Sol. Aniline hydrochloride (Ph NH, Cl) is a salt of strong 
acid (HCl) and weak base (PhNH,). i 


Using the expression (iii) and (iv) given is section (3.20.3) 


A ai(salt) g h)A azsa + base) j hAwsmcn 


h= Am ~ Am, 
Am, — Aine 
(120-100) 20 


: ch (0.001 M) (0 06)- 
, ‘| = ————— = è 
Now, KC TEA 


(l — 0.06) 
3.8 x 10% M 


At 298 K, the conductivity of pure water is 5.476 x 10-8 Scat 


The ionic conductances of H® and OH at this temperature are 
349.0 and 198.6 S cm? Eq"!. Calculate Kw of water 


bid! 248 © _ (349.0 + 198.6 
7 ATA Hot hg. (349 ) 


= 547.6 S cm? Eq! 


m 
Ay 547.6Scm? mol! 


2 
7 547.6 | 


® 
3.17.4 ABNORMALLY HIGH CONDUCTIVITIES OF H 


AND OH IONS 


(@) . 
and OH ions are much higher than 
d it on the basis of a proton 
ults in a more 


The molar conductivities of H® 
those of other ions. Grothus explaine 
jump from one water molecule to another. This res 
rapid transfer of positive charge from one region of the solution 
to another than would be possible if the ion H,0® has to push its 
way through the solution as other ions do. 

This also occurs in any other solvent. Thus, for example, in 
liquor NH,, the A, of its characteristic cation or anion (namely 


= O 
NH, and NH, ) will have unusually high values than any other 


cations or anions. 


3.18 CONDUCTOMETRIC TITRATION 


The electrical conductivity of a solution serves as a means of 
determining the end point in a chemical reaction, involved in the 
titration of acids and bases or precipitation. The measurement of 
conductance of resulting solution from an acid and base titration 
is used to calculate equivalence point if there is a regular change 
in the conductance and sharp change at equivalence point. 


a. Strong acid (HCI) vs strong base (NaOH) (S A/Sp) 
NaOH 


LD) 
Q 
Z v4 
Q 
5 
go) 
(= 
O 
O 


Equivalence 
| point 


VNaOH 
Ss 


Fig. 3.21 


The conductivity of NaOH is due to Na® and OH ions 
whereas that of HCI is due to H® and Cl? ions. When a dro i 
of NaOH is added to a certain volume of H P 


, {CI solution taken 
in a conductivi s Wi i 
se ty cell, NaOH reacts with equivalent amount 


NaOH + HCl —> Na® C]© + H,O 


Before NaOH is added, the conductance of HC] has a 


high value due to the presence of highly mobile H® ions 
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As NaOH is added, H® ions combine with 3 


to form undissociated H,O, and thus faster Ba iong 
ions are replaced by relatively slower moving we 


Consequently, the conductance of the solution dec long 


and this continues right up to the equivalence Point ne 
of NaOH is added. Then, the solution contains an Se Or 
© , S$ 
fast moving OH ions. With the result that its condu of 
is increased and continues to increase as more and i; 


NaOH is added. Cof 


b. Strong acid (HCI) vs weak base (NH,OH) (SW 3) 


NH40H 


Fig. 3.22 


- In this case, there is a replacement of fast moving H® ionsby 


slow moving NH ions as the following reaction proceeds: 
O 
H®CIO + NH,® OH —> NH,°Cl® + H,O 

Consequently a fall in conductivity is observed to the 
end point. After the equivalence point the conductivity 
remains practically constant because NH,OH has veri 
low conductivity as compared to HCl or NH,CL A sligt 
curvature is noticed near the end point. This is explamet 
on the basis of the following reaction taking place 
simultaneously: 


NH,® + 2H,O z NH,OH j H,0® 
This reaction results in the generation of fast moving HC" 
ions. It is due to the H,O® ions produced by hydrolysis ” 


the system that the fall in the conductivity of the solutes 
is arrested and a curvature in the plot is observed. 


c. Titration curve of W,/S, (CH,COOH vs NaOH) 
NaOH 


End point 
Mo y 

Fig. 3.23 poo! 

Before the addition of NaOH, the solution show? all 


conductance due to feeble ionization of CH,COO ; rofl 
the addition of NaOH Causes not only ther eplacem®” 


A 
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by Na® but also suppresses the dissociation of acetic acid due In this case, S, is first neutralized after that W, starts 
to common ion Ac®, and thus the conductance of the solution neutralizing. Thus, we have the neutralization reaction in 
two stages and the curve contains two breaks as shown in 


decreases in the beginning. But soon the conductance 
starts increasing as the addition of NaOH neutralizes the Fig. 3.27. 
undissociated HAc to Na®Ac®, thus causing the replacement 
of non-conducting HAc with strong conducting Na®Ac®. 
This continues upto equivalence point. Beyond this point, 
conductance increases more rapidly with the addition of 


O 
NaOH due to high-conducting OH ions. 
The graph near the equivalence point is curved due to the 


hydrolysis of salt NaAc. 
d. Titration curve of strong acid (HCI) vs weak base 
a Fig. 3.26(b 
HC! ig. 3.26( 
g. Besides the above titrations, the titration involving a mixture 
g of weak and strong bases (NaOH + NH,OH vs HCI), oxalic 
E acid vs NaOH (stepwise neutralization) (two breaks in the 
8 curve), precipitation (NaCl vs. AgNO,), oxidation reduction 
Fino (Fe?* vs MnO,°), displacement reactions (NaAc vs HCI) 
Vac and other types of reactions can be studied. 
Fig. 3.24 
Follow similar discussion as in point (c). 3 
a ait š = 
e. Titration curve of weak acid (CH,COOH) vs weak base = 
(NH,OH) (W,/W,) 3 
© 
NH,OH Oo 
Volume of NaOH —> 
V = Neutralization of S4 
V, = Neutralization of W4 
Fig. 3.27 
End point 
___NH4OH y This method is very important where a direct titration using 
Fig. 3.25 indicators is either difficult or impossible. The conductometric 
titrations cu iven in Fi = 
The nature of the curve before the equivalence point ‘f the ieee oie gh Figs. ach oat are actually observ ed only 
is similar to that in (c), After the equival nt e of the solution remains unchanged. This condition 
, e equivalence point, is fulfilled by taking the solution in the b b Ta 
conductance virtually remains the same as weak b hich n in the burette about 10-20 times 
S ase whic more concentrated than the solution in the titrating flask. 


Is being added is feebly ionized and therefore is not fairly 
Conducting. 


CONCEPT APPLICATION EXERCISE 3.3 


f. Titrat 
ltration curve of the mixture of weak and strong acids 


(HCI + CH ; 
COOH) against a strong base (NaOH) 1. The conductivity (x) of a saturated solution of AgBr at 


298K is 8.5 x 1077 S em", If 2° o 
78 S cm? mol", Eei nae ene ie a 
and Rg of AgBr. i 


Conductivity 


2 Ab IC, Ai ga AST 10 ir ae mart awa 
Anem = 2:0 10 ohm"! m? mol. If the conductivity 


of pure water is 5.7 x 10% ohm™! mr, determine K.. (ionic 
product) of water. (Density of H,O = 1 g mL~!) ss 


| i 
V Vy 
VNaoH 


Fig. 3.26 (a) 


3.70 


10. 


11. 


12. 


Js 


> 


ae 


Physical Chemistry _ 


6.6 S cm? eq". If 


o anoic acid is 38 
At 298 K, A°,, of prop Calculate A,, of 


its ionization constant (K,) is 1.4 x 10° 
0.05 N propanoic acid at 298 K. 

The conductivity of H,O in a big irregular-shaped va 
contained water whose conductivity is 2.0 x 10° Som, 
585 g of NaCl was then added to the watar ane re 
conductivity after the addition of NaCl is 3.0 x 10 À S cm". 
Find the capacity of the vessel if it is fulfilled with water. 
Given: A? macy = 150.0 S cm? mol". 

° (AgNO3) A mHC and A? (HNO) AFC a, b, and c S cm? 
mol`~!, respectively. If the conductivity of saturated AgCl 
solution is z S cm™!. Calculate the K,, of AgCI. 


. A hydrogen electrode and a calomel half cell are used to 


determine the pH of a solution on a mountain top where 
the pressure is 500 mm of Hg. The pressure was wrongly 
assumed to be 760 mm of Hg and pH was found to be 4. 
What is the correct pH? 


The cell is H,(g) | solution I| KCI, Hg,Cl, | Hg. 


. At 25°C, after the addition of 110 mL of 0.1N NaCl 


solution to 100 mL of 0.1 N AgNO, solution, the reduction 
potential of a silver electrode placed in it is 0.36 V. 
Assuming activities to be identical with concentrations, 
calculate the solubility product of AgCl. 


Given E® 4,146 = — 0.799 V 


© G - 
. The standard potential of OH , Ag,O(s)|Ag, and OH lO, 


electrodes are, respectively, 0.344 V and 0.40 V at 252C: 
for the formation of Ag,O, AH =- 29290 J mol" and may 
be assumed to be independent of temperature. Calculate 
the temperature at which Ag,O will begin to decompose 
in air (20% by volume of O,). 


. When powdered zinc is added to AgNO, solution, 


Silver is precipitated according to the reaction 
2Ag + Zn(s) —> Zn? + 2Ag(s). In an experiment, 
100 mL of 1 M solution of AgNO, was treated with 5 
g of Zn powder. What will be the Ag® concentration at 
equilibrium? 

Given: E” 49 Ap) =().8 V, E” and 1Zn) = — 9.76 V 


A sample of lead weighing 1.05 g was dissolved 
in a small quantity of nitric acid to produce and 
aqueous solution of Pb2*+ and Ag® (which is present as 
impurity). The volume of the solution was increased to 
350 mL by adding water, a pure silver electrode was 
immersed in the solution and the potential difference 
between this electrode and a standard hydrogen electrode 
was found to be 0.503 V at 25°C, What was the percentage 
of silver in lead metal? Given: FO of Ag = 0.799 V, 
Calculate the quantity of electricity delivered by a Daniell 
cell initially containing 1 L, 1 M Cu% jon and Zn?* jon 
which is operated until its potential drops to 1.041 V. 
(E> a I Zn ~ —0.76 V; ES a2 ICu ” +0.34 V) 

The conductivity of 0.1 M KOH solution is 0.022 S cm!, 
When an equal volume of 0.1 M HCI is added, the 
conductivity decreases to 0.005 S cm™!. A further addition 


13. 


14. 


15. 


16. 


17, 


18. 


19, 


of HCI solution, the volume of which is equal t 
of the first portion added, the conductivity increas that 
0.017 S cm™!. Calculate: (a) A,, of KOH (b) A p- to 
(c) A, of HCI mt Ky 
The resistance of water sample of a swimmin TAN 
determined by using a conductivity cell and wag fot i5 
to be 9200 ohm at 298 K. The same cel] dipped 
0.02 M KCI solution has R = 85 ohm. When 500 g of Nac | 
was dissolved in pool and thoroughly stirred, jt shove, 
R = 7600 ohm. If A n(NaCl) and AKC) are 126 5 all 
138.0 S cm? mol", respectively, calculate the Volume of 
water in pool. 
The conductivity (K) of 10 M Na,SO, sol 
2.6 x 10 S cm”! and increases to 7.0 x 10-4 § 
the solution is saturated with CaSO}. 


Given: Anaa) ANd A, (e424) are 50 and 120 S cm? 
respectively. Kyo = 0.50 x 10° S cm! 
Calculate 

a. K of only CaSO, in the solution 


b. Solubility of CaSO, 
C Ke of CaSO,. 


A? n(Ag®) and M m(CrO2>) are 61.92 x 104 S m? mol and 


Ution is 
cm! when 


mo}! 


120 x 10% S m? mol", respectively. Assuming that A, 
differs very slightly from A°_. Calculate the solubility of 
Ag,CrO, in 10 M AgNO, solution. 


Given: K(ag,Cr0,) = 4.32 x 10% S m! 


and K pure H,0) = 0.86 x 10+ S m! at 300K 
An excess of liquid mercury is added to an acidified 
solution of 1.0 x 107° M Fe**. It is found that 5% of Fe 
remains at equilibrium at 25°C. Calculate E? ge, | He 
assuming that the only reaction that occurs is ~ 
2Hg + 2Fe** —» Hg,?+ + 2Fe2+ 
Given: E? p e3+ | Fe2+) = 0.77 V 
The overall formation constant for the reaction of 6 mol 
CN® with cobalt (II) is 1 x 10!9. The standard reducto? 
potentail for the reaction [Co(CN)]È +e > [CoN 
is -0.83 V. E? c ot3/Cot2 = 1.82 V. Calculate the over 
formation constant of [Co(CN ile: 

ad! 
A solution containing 1M XSO 4(aq) and 1M yso 
is electrolysed. If conc. of X2+ is 10 M when deposit" 


rafue 
of Y** and X2 starts simultaneously, calculate the val 
of Z. 


Given: 2303RT =0.06 
F 


E 2+ y 20.12 V; Eva, = 024V 
| 5 900 cm 


Molar conductivity of aqueous solution of HA is 4” 
ue ofp a 


mol, pH of this solution is 4. Calculate the val 
(HA) at 25°C. 


Given: A M (NaA) = 100 S cm2mol"!; Aw (AC) | 
cm? mol"! - | 
| 
| 


Am (NaCl) = 125 S em? mol! 


Which of the following oxides is reduced by hydrogen? 
MgO, CuO and Na,O 
« Which of the following oxides will decompose on 


heating? 
ZnO, CuO, MgO and Ag,O 


20. i. 


The value of E°, for electrode reactions, 

Fe —> Fe?* + 2e”, Cu > Cu* + 207, and Zn + Zn** 
+ 2e- are 0.444, -0.337 and 0.763 volts respectively. 
State which of these metals can replace the other two 
from the solution of their salts? 


iii. 


ANSWERS 


36x10" molL~ 2. 1.08 x 107 


— 


10007 7 
a+b- -| 
pi=409 9-7. K,, = 1.73 * 10719 8 T=427.03 K 
10, % of Ag-= 0.0346% 11. n = 189178.2 C 
12. (a) A, (KOH) = 220 s cm? mol! 

(b) A (KCI) = 100 s cm?mol~! 
(c) A„ŒCI) = 403.155 cm? mol! 
13. V=2.01 x 10°L 
14. (a) 159.55 cm? mol” (b) S = 1.576 x 10° mol dm? 
(c) K,, = 4.056 x 10% M? 
= 1.47 x 10° M 


18.z=104 


6.57 S cm? eq 4.1.5 «10° L 5. | 


16.E° pg?" np = 0-7976 


19. pK, =4 


15. Sag cro, 
17. K,=6x 108 


Electrochemical Cell 


Solved Examples 


E 


Calculate EMF of the following half cells: 


2. Pt, H(2 atm) | HC1(0.02 M), 
b. Pt, CL(10 atm) | HCI(0.1 M), 


E9 =0V 
E° = 1.36 V 


TO H, (2 atm) 


0.059 
— lo 
2 


Pu, 
[H°] 
2 
(0.02)? 


2 
4x10 


0.059 


0- —— Jog 


2 


ll 


_ 0.059 
2 


I 


log 


Il 


. 
— 


59 
5 [log10* — log 2] 


_ 0.059 
z [4-0.3] 
_ _ 0.059 


Speer? 


2 


3.7 =- 0.0190 V 
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Emm 


b. (Take 0.059 = 0.06) 


Cl, (10 atm) + jg y 2C1® (0.1 M) 
4 0.06, (0.1) 
Fey, 1201P =E Cl, |2Cl" p) 10 atm 


— 136 V — 0.03 log 10° 
= 1.36 + 0.03 x 3 = 1.45 V 


ing PES 


Calculate pH of the half cell: 
Pt, H, (1 atm) | H,SO, EP? =-0.3V 


= —0.059 pH 


Sol £5491, 
-03 _ 03 _ 


ee oe 5 
—0.059 0.06 


pH 


Zn**] 


A graph is plotted between £s and log oi The curve is 
u? 


linear with intercept on £ „y axis equals to 1.10 V. Calculate 


E for the cell. 


cell 


Zn(s) || Zn2*(0.1 M) || Cu2*(0.01 M) | Cu 


Sol. Cell reaction is: Zn + Cu? —> Zn™ + Cu 


0.059 Zn2* | 
log 


E ell = E°? sen T > 
mx) 
Equation (i) represents a straight line like Eq. (ii). 


2 Cac ..-(1) 
y 


T ...(ii) 


<. Intercept (c) = E® en = 1.10V 
0.059 0.1 
ME aS = ie 
colt = 1.10 V-—S— log 
- jiye log 10 
= 1.10 — 0.03 (Take 0.059 = 0.06) 
= 1.07 V 
Given: 
NO,® — NO, (acidic medium), ES =0.8 V 
NO,” —> NH,OH (acidic medium), E° =0.74 V 


At what pH the above two half reactions will have same EMF 
values? Assume the concentration of all the species to be unity. 
(Take 0.059 = 0.06) 
TARN Balance both equations in acidic medium. 
NO,° + e + 2H® —> NO, + H,O 
NO,° + 6e- + 7H® —> NH,OH + 2H,O 
P «~~ 


3.72 Physical Chemistry 


~. 0.8 — 0.12 pH = 0.74 — 0.07 pH 


© 
No,] — [mo,]=[N0; 1 _ 0.06 _ 
os NOJ H = — =1.2 
E= Ey — 0.06 log [NO,°][H® =1M P 0.05 


= 0.8 — 0.06 log [H®]?- = 0.8 — 0.06 x [- log H®] ` 
= 0.8 — 0.06 x 2pH 


An aqueous solttion containing 0.01 M Fe(Clo or Zs T Ee 


E =0.8-0.12 pH (iii) Fe(C10,),, and 0.01 M HCIO, was titrated with a con ncentra 
Similarly, Æ, for reaction (ii). solution of NaOH at 30°C, so that changes in volumes a 
Iculate the redox potential of Fe3* | Fe2+ re 
[NH,OH] negligible. Ca & elect 
E, =E®, - oe iog wae a at pH values 2.2, 4.2, 6.0, 8.2, and 10 assuming that ney ra 
6 [NO;" ][H™] =[NO,~]=1M formed during titration were Fe(OH), and Fe(OH), out ies 
= 0.74 — 0.01 log [H®]-’ = 0.74 — 0.01 x 7 (log H®) Given: 
= 0.74 — 0.07 pH (iv) Boe 3+ | pert = 0.77 V K,,, of Fe(OH), = 1037.1 
Since E, = E,, [equate Eqs. (iii) and (iv)] K of Fe(OH), = 10-184 


[Fe] [0H]? 


© K,, © 


H® 
[H™] A) 
10-2x(10-11.8)3 = 19-374 


10-2x(107!!:8)2 = 107256 | No precipitation. 
Ionic product is less 


than Ky 


] 0-2 x( ] 0-9.8)2 =] 0-2 1.6 


1072x(10:8)3 = 10731-4 Fe(OH), precipitates. 
Ionic product is greater 


than Ky 


10-2x(10-8)3 = 19-26 


10?x(108)?= 10-'8 | Both Fe(OH), and 
Fe(OH), precipitate. 
Ionic product is greater 


than Ka of both. 


Fe>* + ¢ ——» Fe?+ E®=0.77V At pH = 4.2 
2+ 
When Fe(OH), appears, K, = [Fe] OH f E= 0.7726 a [Fe**] 
o m p = 1 Fe [Fe**] 
101 1 
n Fe" |= cargoes = 0.77 _ 9:06 lòg 0.01 
[OH [OH] 1 foe"! (doy) 
Similarly, when Fe(OH), appears = 0.77 — 0.06 log 1057 
(©) 
= [Fe?] [OH ? = 0.77 — 0.06 x 5.7 = 0.77 — 0.342 = 0.428 
”. [Fe2*] = ae Ky 2 ig At pH =6 
O 5 
OH? [OH? K,, Fe(OH / OH] 
[0H] [0H] E= 0.77 — 0.06 log A OO 
At pH = 2.2 | Kp Fe(OH), / [OH] 
0.06, [Fe**] 
E= 0.77- roge = 0.77 - 0.06 log is -x [OH ] 
n o L OH] 
0.97 foe ore =0.77V = 0.77 — 0.06 log 10!8-7 — 0.06 log [ 
= 0.77 — 0.06 x 18.7 — 0.06 log 10% 


——— sae i bu 


= 0.77 — 1.122 — 0.06 x (-8) 
= —0.352 + 0.48 
= 0.128 V 
At pH = 8.2 
E =-0.352 — 0.06 log 10-5:8 
=—0.352 + 5.8 x 0.06 =-0,352 + 0.348 =—0.004 V 
At pH = 10 
E = —0.352 — 0.06 log 10-4 
= —0.352 + 0.24 = -0.112 V 


The standard potential of a cell using the reaction 2Ni(s) + O, 


+2H,0 =— 2Ni(OH), is 1.12. The heat of the reaction is 
_ 504.2 kJ mol"! at 25°C. Calculate the entropy change. 
[SD 2Ni(s) + 44,0 —  2Ni(OH), + 4H® + 4e- 
4H® + O, + 4e —> 2H,O 
AG® =- nFE® = -4 x 96500 x 1.12 = -432320 J 
AG® = AH® — T AS© 
_ 504.2 x 10°J — (— 432320) 
T 298 


E aa ana 


OVa 


The standard potential of a cell using the reaction: 2MnO, °(aq) 


+ 3Hg(l) + H,O == 2MnO,(s) + 3HgO(s) + 20H) (aq) 
is 0.489 V at 25°C. What is the equilibrium constant of the 
reaction? 

(S81) Anode: MnO,° + 2H,0 + 3e°—> MnO,(s) + 40H ]* 2 
Cathode: Hg(s) + 20H =— LO + HgO + 2e]* 3 
2Mn0,° + H,O == 2Mn0O,(s) + 3HgO + 20H 
Cell is in equilibrium, 
“ Eo =0 
Feet = EO ei- = 


< bgKke nE” ei _ 6x 0.489 
0.059 0.059 
K=3.631 x 1049 


log K 


= 49.56 


The EMF of the cell: 


A 

eee 0.1 MKCI || 0.1 M AgNO, | Ag is 0.45 V. 0.1 M 

a 's 85% dissociated and 0.1 M AgNO, is 82% dissociated. 
Culate the Solubility product of AgCI at 25°C. 


Itisa concentration cell. 
ES =0 
cell 


Pam 
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Ag (Anode) —> Ag® TAC) be 
Ag?(c,) +e — Ag ( Anode) 
Ag®(c,) —> Ag? (c,) 


0.1 M AgNO, = 0.1 M Ag® 

Since it is 82% ionized 

<. Ag® (cathode) = 0.1 x 0.82 

c, = 0.082 M 

_ 0.0591 [Ag (c)I 
| [Ag® (c2)] 


0.0591, [Ag®(c,)] 
= —-—— lop = SH! 
i oF 0.082 


og Eo = 7.627 
[Ag" (cı)] 
Antilog (7.627 x 107) = 3.99 x 107 


EL T M 
3.99 x10 


0.1 M KCI = 0.1 M CIE 
Since it is 85% dissociated 
~. [CIO] = 0.1 x 0.85 = 0.085 M 
“. Ki (AgCl = [Ag®] [C19] 
= (1.9 x 10?) (0.085) 
“. K,, = 1.615 x 107" 


AE g= 0 


0.45x1 -] 
0.0591 


». [Ag®(c)] = 


Calculate the potential corresponding to the following cell. 
Given 


Pt | Co?*(2.0 M), Co¥* (0.01 M) || Cr°* (0.5 M), Cr,0,2- (4.0 M), H® (1.5 M) | Pt 
ES oaro =EN 
EP o% aT +1:33 V 
B Cot —> Co** +e] x 6 
"14H? + Cr,0,?- + 6° —> 2C* + 7H,0 
6Co*? + 14H® + Cr,O,7> —> 6Co*} + 2Cr+ + WLO 
EO = -1.82 + 1.33 V =-0.49 


0.0591 [Co] Crne 
E = E” ei- log ae n a an 
cell ce 6 [Co] [CrO] [HE] 
10° ]f[0.507 
E a eren] -0.32 V 


6 [2.0]°[4.0][1.5)" 


“Knowing that K. for AgCI is 1.0 x 10-'°, calculate £ for a 
S . . 

silver/silver chloride electrode immersed in 1.00 M KCl at 25°C. 

E°? n® | Ag = 0.799 V. 


IEUD K (AgCl) = [Ag®] [CI9], KCI= 1.00 M 


*. [C12] = 1.00 M 
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[Ag®] = cr} == a; =1.0=107"° 
Ag® + ¢ —> Ag E® 4.6) ng = 0-799 V 
E=E° a g > 
l [Ag] 
= 0.799 — 2:0 10 . 


T (0.10 x107!) 


= 0.799 — 0.592 = 0.207 V 
€ onsidler the libing half reactions: ai 
PbO,(s) + 4H®(aq) + SO, (aq) + 2e —> 
PbSO,(s) + 2H,O 
E° =+1.70V 
PbSO,(s) + 2e° —> Pb(s) + SO,?(aq) E9 =-0.31 V 
a. Calculate the value of E® for the cell. 


b. Calculate the voltage generated by the cell if [H®] = 0.10 M 
and [SO,2-] = 2.0 M. 


c. What voltage is generated by the cell when it is at chemical 
equilibrium? 
Sol 
a EO a E cathode ES mot 
= 1.70 —-(— 0.31) = 2.01 V 
PbO, + 4H® + SO,?- + 2e —> PbSO, + 2H,O 
Pb + SO,7,—> PbSO, 
PbO, + Pb + 4H® + 2S0, —> 2PbSO, + 2H,O 


€ 0.059 l 
b. E a7 E” ce -— i E T A Ty 
cell 1 7 £ [HPT [s0, P? 
ET TELA l 


Tii (0.14)* (2.0) 


c. When cell is at equilibrium, E etl = (0) 


The EMF of the cell 


Ag|0.1 (N) AgNO, || 1 (N) KBr, AgBr(s) | Ag was found to be 
—0.64 V at 298 K. 0.1 N AgNO, is 81.3% dissociated and 1 N 
KBr is 75.5% dissociated. 
Calculate: 

a. Solubility 

b. Solubility product of AgBr at 298 K 


Sol. Ag | 0.1 N AgNO, || 1 N KBr, AgBr (s) | Ag 
The above cell is concentration cell 
, EP 0 


cell z 


D / 


ein 
Ag (anode) Ag (0.1 N) Te ES 
Ag® cathode) te A& (cathode) 


) @ 
Ag cathode) Ag (0. l N) 


Since AgNO, is 81.3% ionized 
~. [Ag®], = 0.1 x 0.813 = 0.0813 N 


o 0.059 | AB” anode | 

* Eee = E cet 4 8 | oe | 
8 (cathode) | 

0.0813 | 

— 0.64 = 0 — 0.059 log —-—5—_ | 
g (cathode) } | 


_ 2 
- [AgP] (cathode) =3.2x 10 M 
Since 1 N KBr is 75.5 % dissociated 
”. [Bre] = 1 x 0.755 = 0.755 M 


K,, = [Ag®] [Br®] = 3.2 x 10-!2 x 0.755 
= 2.416 x 10? 


S= 2.416 10°? 


= 1.554x 10°M 


For the cell Zn | ZnCl,(m) | AgCI, E is 1.24 V at 25°C and 1 2699 
at 35°C of m= 10. Write down the cell reaction and calcula: 
AG, AH, and AS at 25°C. 


Ss > Cell reaction 
Zn —> Zn** | + 2e7 
2AgCl + 2e° == 2Ag + 2C1° 


_ AE 126-124 sy deeree 
AT 308-298 ^ s 
AG® (at 298 K) = — nFE® = —2 x 96500 x 1.24 
= -239320 J 
=-239.32 k] 
AS© = nF (=) = 2 x 96500 x 2 x 103 = 380) 


AG = AH-TAS 
-239320 = AH — 298 x 386 
<”. AH = -124292 J 


A saturated calomel electrode is coupled through a - e 

with a quinhydrone electrode dipping in 0.1 M N 4 P i 
observed EMF at 25°C is 0.152 V. Find the dissociation? y 
of NH4OH. The oxidation potential of saturate? * 


_ electrode = — 0,699 V at 25°C. Q qt 
Sol For the cell: Saturated calomel || 0.1 MNH,C!! a 
E 


ll = E . = E el | 
ce quinhydrone electrode ` “saturated calom 0 942 ’ 


E.., = 0.152 


=_ 
. 


F saturated calomel (oxid) 02 4) y 


E saturated calomel (red) 


(E ainada = 0.6994 — 0.059 pH) | 


a 


(.:. EO aig = 0-6994. so Eo, = =0. 0.6994) 
E 


te Een = = E guinhydrone 7 saturated calomel 


0.152 = 0.6994 — 0.059pH - 0.242 
0.457 — 0.152 
. phe a =5.7 
pH 0.059 
For 0.1 M NH,CI, salt of S,/W,, which on hydrolysis gives 
NH,OH 


l : . 
pH > (pA, ~ pA, ~ log c) 


$.17= * (14 — pK, — log 0.1) 


- 


Solving. we get Ay = 2.18 x 1075 


Two weak acid solutions HA, and HA, with the same 
concentration and having pA, values 3 and S are placed in contact 
with hydrogen electrode (1 atm and 25°C) and are interconnected 
through a salt bridge. Find the EMF of the cell. 


Sa For hydrogen electrode at ] atm and 25°C 
E ¿= 0.059 pH 
Assuming the degree of dissociation to be small, pH of a 
weak acid. 


i] ] 
pH = 3 Be -Ziogc | 


-. For electrode at acid HA, 
E 4. = 0.059 pH = - 0.0599 (2 pk, - > log c) 
0.05 
E an = - = (PK, — log c) 
ss s (3 — log c) 


Similarly, for hydrogen electrode at acid HA,, 


o a-ge -|22 ts- 0g0)] 


= -0.0295 + 3 + 0,0295 7 5 
= 0.0295 7 (5 - 3) = 0,0295 < 2 = 0.059 V 


Fi d 
im y solubility of AgCI in 0.1 M Cal ly E” nag " 
and that of AgCI | Ag = 0,222 V, ai 


Ag — Ag” +E 
AgCI] tE — Ag + CIE 
AgCl—+ Ag® + CIE 


BS = 0.222 - 0.799 = 0.597 


aa 
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Cell is in equilibrium GC Ea o) 


EO = 0.059 log K,, (n = 1) 

0.577 = 0.059 log Ky 

Kp” VEX 10 0” 

Let SM i is the solubility of AgCI in 0.1 M CaCl, 


AgCI —> Ag? + CIP 
S 5 s 
CaCl, —»Ca** + 2° 

0.1 0 0 

0 0.1 02 


Total CI® = (5 + 0.2)M 
= [Ag®] [C19] = $ (S + 0.2) 
“1.66 x 101° = ($ + 0.25) [8 < 1] 


—10 
n S= M = 8310" M 


The EMF of the cell: 

Ag | Ag,CrO,(s), K,CrO, (0.01 M) || AgNO,(0.01 M) | Ag is 
206.5 mV. Calculate the solubility of Ag,CrO, in | M Na CrO, 
solution. 

Sol. It is a concentration cell, therefore. E° = 0. 


AE (Anode) Ag“ (Anode) a 


@ p 
A&™ (Cathode) * € > AS cathode) 
© , Ag 

Ag (Cathode) Ag (Anode) 


~ 


0.059 Ag? cose) (let it isx) 


E= E” a= 5 = 
Ag” cathode) (Which ts 0.01 M) 
x 
0.2065 = -—— log 
l 0.01 M 
_ 22065 = log x- tog 1072 
0059 SS 


log x =-2-3.5=-5.5= 6.5 
Taking Antilog => x = 3.1603 = 10° M 


Na,CrO, == 2N GO 
Initual 1M ü o 


Final U JM 1 Mt 


Total [CrO,? } = {1 + 0.01]= 1M 
Ag,CrO, == 2Ag”* Cro, 


‘ WUT 
K = OPOLO = B103 > 10 KOOL) = 10 
Ky = AB?) [CrO | 


K y V x (1 M) 


[Ag®] = S= VK» 
[Ag®] in 1 MNa,CrO,= Ky 


3.76 Physical Chemistry _ 
TEE 
_ fioxio™ 
=3.16 x 107M 
Pee a a i 
- The EMF ofa galvanic cell 
Pt | H,(1 atm) | ROIU M) | CL,(g) | Pt is 1.29 V. 


Calculate the partial pressure of Cl (g). 
3 — 7 


“Sol. Cell reaction: 


Hyg) —» 2H® +e FP ag OV 


2Cl,(g) + e — CI? (aq) E® g= 1-36 V 


OOS S mmm 


La @ + CLE — Heg) + Ca) 


ES 4 = 1.36 V 
a 0.059 [H®][C19] 
Ee = E cen 7 1 1/2 1/2 
Pay] [Pon] 
1x] 
92 6. tes — 
l 1x[Po,] 


Solve, poy, = 4.24 x 10° atm 


Calculate the potential of silver electrode in a saturated solution 
of AgBr (K, = 6 x 107°) containing 0.1 M KBr. E° 


Ag® | Ag 
=0.80 V. 
BD ABr —— Ag® + Bre 
> = [Ag] [Br9] 
6x107! 
Ky 
$ =——— =6x10!?M 
[Ag*]= [Br] 0.1 
Ag” +e —+ Ag 
- 0.059 
E= E7- log — = 0.80 — 0.059 log —— 
l [Ag"] (6x10 !7] 


= 0.80 — 0.059 [log 10!2 — log 6] 
= 0.80 — 0.059[12 — 0.7782] 

= 0.80 — 0.059 » 11.2218 

= 0.80 — 0.6662 = 0.138 


A solution of Fe** is titrated potentiometrically using Cet 


solution. Calculate the EMF of the redox electrode thus formed 
when 


a. 50% of Fe?* is titrated b. 90% of Fe? is titrated 
c. 110% titration is done 
Given: ES, 24 |Fe3+ = — 0.77 V and 


Fe** Cett —> Fe3t + Ce% K = 1914 


Sa 


‘erat , electrode is Pt | Par: 
a. During titration, the redox e CIs Pt | Fe Fe | 
electrode s, | 
n 0,059 Jog [Fe ] 
p ip cell n B Fe] | 
felt + ¢ ——> Fe | 


At 50% titration, [Fe] = (Fe?! | 

b= £2 = -0.11 V 

[Fe*"] _90 

[Fe] 10 | 


Fet — Fe” +e 


b. At90% titration, 


Initial 90) 10 

Final 10 90) 

`- E =— 0.77 — 0.059 log 9 = — 0.826 V 
c. 110% Ce“ 


—> 10% Ce” + 100% Ce 


At 110% titration, the electrode becomes, 


[Ce*] 10 
Pt | Ce3*, Ce** electrode, where Eid 
| [Ce**] 100 
Cell reaction: 
Fe2+ —-» Fe% + e EO sia = OTV 
Cet + @ —> Ce* Pot 


Fe” + Cet === Fet + Ce EO a~ a-a 


At equilibrium, Een 
0.059 
cell log K 


=0 
E = FÈ 


0.059 


log 10'* = 0.826 


cell = 


“. x— 0.77 = 0.822 > x = 1.596 
hg FY ce4tice3+ = 1.596 V 
BOG Btic)edt = —1.596 V 
So at 110% titration, 

— A [Ce"] 
Fodticett =E Ce3t/ce4+ — 0.059 log [ce] 

B 10 
= —1.596 — 0.059 log Loo 
= \ 100. 


= —1.596 + 0.059 = -1.537 V 


Find the EMF of the cell at 25°C. 


Decinormal Buffer |Quinhydrone 
pH = 3.5| electrode 
E” eq (quinhydrone electrode) = 0.699 V 


E” seg (calomel electrode) = +0.268 V 


calomel electrode 


Electrochemistry 3.77 


For calomel electrode: 
Hg,Cl,(s) + 2e —> 2Hg + 2C1° 
For decinormal calomel electrode: [C19] = 0.1 N 


0.059 i 
7 ee [cF 


= © — 
E red) Calomel = E 


0.059 


= 0.268 — log [0. iy 


= 0.268 + 0.059 = 0.327 V 
For quinhydrone electrode, i.e., Pt | H,Q | HE |Q 
HE + Q+2e = H,Q 
0.059 og l 
[H°] 
= 0.699 — 0.059 pH 
= 0.699 — 0.059 x 3.5 
Eon = 0.4929 — 0.327 = 0.1659 


= © pan 
E red(quinhydrone) 5 


The EMF of the following cell iS found to be — 0.46 V: 
Pt, H, |NaHSO, Na,SO, Zn” 
(0.4 M) (0.3 M) 


(6.44x10 M) 

Ifthe standard electrode potential of Zinc is — 0.763 V, find the 

value of K, for H,SO,, where . 
[H*][SO,7] 

*  [HSO,°} 


B At anode: H, ===> 2H® + 2e 


At cathode: Zn? + 2e === Zn E =- 0.46 volt 


[negative value shows cell is not feasible] 


Cell reaction: H, + Zn?* ==> Zn + 2H® 


2 _ 0.059 | [H?F 


E=E og 
2 [2a] 


®12 
-0.46 = — 0.763 — 0.059 o [H*] 
2 0.3 
Solve, [HP] =4 x 10% 


HSO,2 —, H® + SO,> 


iss) ER 
x - [H ][S0,] _ (4x10) (6.44x10°) E 
ara ewe = —— = 86. x ie 
[HSO,”] (0.4) 


The E i 
MF ofthe following cell is observed to be 0.118 V at 25°C: 
Pt, H, HA H,,Pt 
(latm) |(100 mL of 0.1 M) (latm) 


If 30 mL 
€ batte of 0.2 M NaOH is added to the negative terminal of 
Ty, find the EMF of the cell. 


H®? 
(0.1M) 


‘Sol. It is concentration cell, therefore, E9 =0. 


® 
Beet = ~ — log ae 
0.118 = — 0.059 log m 
». [H®], = 10° M 

HA —> H® + A? 
Initial 0.1 0 0 
At equilibrium (0.1- 10°) 10° 10° 


~ 0.1 
_ HPA] 0°)" _ 495 
$ [HA] 0.1 
When NaOH is added to HA, acidic buffer is formed at 


negative electrode. 
HA + NaOH ——> NaA + H,O 


Initial 0.01 0.006 - - 
Final (0.01 — 0.006) 0 0.006 
= 0.004 
[Salt] 

wan o= PR 10 
Buffer equation: pH = P*a g [Acid] 
or 
He = K, x EACH] «19-5 x 208 _ 6.6710 

[Salt] 0.006 

0.059, (6.67x10° 

E ot = E? säi ~ 1 log ( : = 0.246 V 


Find the standard electrode potential of I, | 21 if the equilibrium 
constant for the reaction I, + I° — L° is 703. The standard 
electrode potential of IQ | 31° is 0.5355 V. Also give the electrode 
reaction. 

“Goi Anode: (a)31° — 19 + 2e 


Cathode (c) I, + 2e —> 21° 


I, +1°—>1,° 


At equilibrium Een = 0 


B= Eva - 0.059 14, Ke 

n E = 0.059 |, Ke 

E® 19 Ew ne = a ? tog 703 

FO, 0 ~ 0.5355 = = log 703 
1, |219 7 a log 703 + 0.5355 


n x 2 846 + 0.5355 =0.619 V 


pE 


3.78 Physical Chemistry l ae eer: 


. . ‘ is 
A silver electrode dipping 1m AgNO, solution ee i 
combined through salt bridge with a hydrogen electrode ipping 
in a solution of pH = 3 (at 25°C). If the standard ae 
potential of the silver electrode is 0.799 y, what is the E 
of the cell? 
BUD ^: H® 
pH =3 


AgNO, (0.1M) H, 


EO p€ jag = 0:99 Vi Eo =? 

a H, T E° Ag 

= 0 -0.799 V = -0.779 V 

Since the reduction potential of Ag® > Reduction potential 
of H, 

If polarity reversed, ES = 0.799 V 


Ee 


cell 


So cell would be 
H, | (H®) (pH = 3) || AgNO, (0.1 M) | Ag 


Cell reaction: 
ÍH, — H® + e 
Ag® + e —> Ag 


ZH, +Ag® — H° +Ag 


> 0.059, [H®] 
E y= E ait = e TAg] 
-3 
E 9.959 tog 10 
0.1 


= 0.799 — 0.059 log 10 
= 0.799 + 0.059 x 2 = 0.917 V 


The EMF of a galvanic cell composed of two hydrogen 
electrodes is 177 mV. If the solution at one of the electrodes has 
[HF] = 10%, find the [H®] at the other electrode. 


ED H | H,? 10%) | H,* (| H, 

E =~ 0.059 (pH, ~ pH,) = -0.059 (3 ~ pH,) 
177 x 10° V=- 0.177 + pH, 0.059 
0.059 pH, = 0.177 + 0.177 


_ 0.354 
Pi 0.059 
[H®] = 10% M 


The EMF of the cell: | 
Pt | Cet!(90%), Ce)(10%) | Normal calomel electrode 
is 1,464 V at 25°C. Find the value of equilibrium constant e 
the reaction: 

aCe? + 2H® ——> 2Ce* + H, 
The electrode potential of the normal calomel electrode is 


+0.28 V. 


BID Z.. =E, - E = 1.464 V 


r _ 0.059 pg [C] 

E edt | ce3+ 7 ii cece" | [Cr**] 
_ PÒ 0.059 T 10 
= E cete T | g 90) 


Eee = Ea 7 Ece4+ | Ce3+ 
3 1y 
1.464 = Eca — (z Cet cet 0.059 log 3) 


1.464 = 0.28 — (ze — 0.059 log z) 


Cet | Ce? 


E Ae | Ce3+ B 5i .24 V 
Now, 2Ce" +20? === T 


At Hg, Eo = 0. 


À EO = = log K 
At anode: 2Ce** — > 2Ce*+2e (Oxidation 
At cathode: 2H® + 2e —> H, (Reduction) 


Cell reaction: 2Ce?* + 2H® —> 2Ce* +H, 


E cell ~ E© red (cathode) EY wa (anode) 
= (H,) ~ BS ea Cet | C34) 
= 0-(-1.24) = 1.24 
0.059 
1 EO = 5 log K 
0.0 
1.24 = 7 log K 


log K = 42.03 > K = 1.08 x 108 


n of go div 


A hydrogen electrode placed in a buffer solutio 
cyanide and HCN in the ratio of x : y and y : x has as rbe 


; of If 
potential value a and b volts, respectively, at 25°C. 
difference a — b = 35,52 mV, what is the ratio of ¥** 


(SGN) Acidic buffer (NaCN + HCN) 


Salt 
H =. pK, +lo l | 
j j Acid 


ptlH, Buffer (NaCN + HCN)| Buffer H,|Pt 


pH, =p K, +log x NaCN+HCN 


pH, =pK, +log ~ 
x 


E,=4= —0.059 pH,, E, = b =—0.059 pH, 
a- b = 0.059 pH, + 0.059 pH, = 0.059 (pH, — pH,) 


35.52 x 103 V = 0.059 (px, + log Ps pK, —log z) 
X y 


3 A 
35.32. x10 = log> + log A 
0.059 x x 
0.6 = 2log = 
$ 


log > =0.3 > 7 =2 
x x 


Two electrochemical cells are assembled in which the following 

reactions occur: 
| y> + VO2* + 2H® —> 2V** + H,O 
| v+ + Ag® + H,O —> VO** + 2H® + Agi(s) 

Calculate E© for half reaction Wo perv 

Given: E°, s 0.799 V 

E8 = E? .,@ ‘ae E” 4+) vit = 0.439 V 
ae ve +e—> Vv" E9 =? 
Cell Reaction: V2* + VO2* + 2H® —> 2V3* + H,O 
Half cell reaction: tV te 
v* from (VO2*) + e —> V™* 


Vit + V4t_— VF 


E? eg = Eya | 3+ — EO 3+ | y2+ 
= 0.616 (given) sA 
Second cell 
V3 Vite 
Ag? + e —>Ag 


V3+ + Ag® > V4 + Ag 


E? en = EO agra EO vat | y3+ 
0.439 = 0.791 = E° 44+ | y3+ 

F® 4+ y3 = 0.36 V 
Substituting in Eq. (i) 

ES i Eyy | v3+ 7 E®?3+ | v2+ 
0.616 = 0.36 — E®y3+ | y2+ 
“ES |v = —0.256 


Electrochemistry 3.79 


Predict whether or not Cl, would disproportionate in cold 
alkaline medium. The standard reduction potentials of Cl, | CI 
and C1O® | Cl, are 1.36 V and 0.40 V, respectively. 

O 
(SGD Anode: 40H + CI, — 2C10° + 2H,0 + 2e 
Cathode: Cl, + 2e —> 2Cl9 
£9 = F©,- B®, 
= 1.36 — 0.4 = 0.96 
E® = positive, cell is feasible. 


Disproportionate of Cl, (Le., simultaneous oxidation and 
reduction of Cl,) is feasible. 


hat would be the electrode potential of a silver electrode 
dipped in a saturated solution of AgCI in contact with 0.1 M 
KCI solution at 25°C? 


E® p g®;ag = 0-799 V 
ui —10 
K,, of AgCl = 1 x10 


® Ag | AgCI, 0.1 M KC! 


[C19] = 0.1 
-10 
Ke alo” 
[c°] 0.1 
0.059 l 


log ——- 
i 10°] 


[Ag®] = =10" 


E= 0199 = 


= 0.799 — 0.059 x 9 = 0.799 — 0.531 = 0.268 V 


E® of some elements are given as: 


Lie 21° Eœ= 0.54 V 
MnO,0 + 8H® + Se- —> Mn?t +4H,O, E° =1.52V 
Fet + e —> Fe** E°=0.77V 
Snt + 2e —> Sn?* E°=0.1V 


a. Select the strongest reductant and weakest oxidant among 
these elements. 

b. Select the weakest reductant and strongest oxidant among 
these elements. 


a. Higher the positive value for oxidation potential, more 
is the tendency for oxidation and the element will act 
as a stronger reductant. 
or 
Lower the value for reduction potential, more is the 
tendency for oxidation and the element will act as a 
stronger reductant. 


rN 


Maximum E® xid " —0.1 V) or minimum n ZO, eq (9-1 V) 


for Sn?” to Sn*. 
Strongest reductant: Sn?” 
Weakest oxidant: Sn** 

b. E® „q value (1.52 V) is highest for MnO,° to Mn”. 
More the tendency to undergo reduction and more the 
element will act as a stronger oxidant, 

7. Strongest oxidant: MnO,° 
Weakest reductant: Mn?* 


Note: Stronger the oxidant, weaker the conjugate reductant and 
vice versa, 


Select the spontaneous reactions from the changes given below 

a. Sni + 2Fe™— Sn? + 2Fe** 
b. 2Fe** +I, —> 2Fe** + 21° 
C Sat FA — Sn* +1, 
d. Sn” +1, —> Sn“ + 21° 

_ For He) Sn** reduces to Sn? and Fe?* oxidizes to Fe. 

a ee 
=< Sn4* | Sn2+ = “ES Fe2+ | Fest 
= 0.1 V—0.77 V=-0.67 V 


Hence, E9 „y is negative and the cell is non-spontaneous. 


E? ell 


For (b), I, reduces to 21° and Fe?* oxidizes to Fe?*, 
Econ TES rea + Eo nia 
= E°, 210 + EOpe2+ | Fe3+ 
=0.54 V — 0.77 V = -0.23 V 
Hence, E® „y is negative and the cell is non-spontaneous. 
For (c), Sn} reduces to Sn2* and 21° oxides to L. 
E a EO, + EO 
= Be Satt | sn2+ + E°n10 1 


=0.1] V -0.54 V = 0.44 V 


oxid 


Hence, E° „y is negative and the cell is non-spontaneous. 

For (d), L reduces to 21° and Sn?* oxides to Sn4+. 

ve Fa E a Aa a E9 L 19 + E9 
=0.54V—-0.1V=0.44V 


Sp24 | Sn 


Hence, E° „y is positive and the cell is spontaneous, 


Two metals M, and M, have £- 
respectively. Which will liberate Hi g) from H 290,4? 


-0.76 V and 0.80 V 


» 


Given: 

M,” +n —> M, E® d = 0.76 
M,” + ne-—> M, E® sa = 0.80 V 
2H® + 2e —> H, (g) ES 4= 0.0V 


a. Now constructing a cell of metal M, with H 180, 
2M, + nH,SO,—> (M,),(SO,),, + nH, | 
[M, undergoes oxidation to M 2" and 2H® 
reduction to H, | 


© KO — fro +- KO 
JA cell E red E 


| 
| 
| 
oxid | 
= Bn |, + BoM, [M2 | 
= 0 + 0.76 = 0.76 V 


Since £°,, is positive and reaction (i) is spontaneoy, | 
therefore, M, will liberate H, from HSO ls 


b. Now constructing a cell of metal M, with H,SO, 


2M, + nH,SO,—> (M)),(SO,),, + nH, Ai 
[M, undergoes oxidation to M,” and 2H® undergoes 
reduction to H,] 


Ee cell =e, d eae 
=E? a +E m,m,» 
= 0 — 0.80 = —0.80 V 


Since EO eq is negative and reaction (ii) is non- 
spontaneous, thus, M, will not liberate H, from HS0, 


Determine whines O, c can oxidize E (SO, =) fon to 
peroxodisulphate (S, O; 2-).ion or not in an acidic solution with 
O,(g) being reduced fo water. 


Given: E-S [250 = = 1.20 Vand E< 


> =7 7 
S2082- 2S04^7 20 V 


‘Sol. | The oxidation reaction of SO,7 to S,O,?" and reduction 


l reaction of O, to H,O are as N 
(Reduction) O,(g) + 4H®(aq) + 4e —> 2H,0, 
BP = 120V 
(Oxidation) 4S0, —> 28,0, + 4e7 E° u5- 
Se a O a 


oxid 


Net reaction: O,(g) + 4S0,% + 4H® —> 2S,0,> + 2H.0 


= at EO 


ES 


“wall oxid 


Pijin | 2H20 : Pie 


Since Fo, sel IS negative, thus, O, will not oxidize so; 
S, Oy í 


b 2 = ction 
Quinones are good electron acceptors, partly because red 


restores aromaticity, 


O OH 
t2e +2H® == © 
l OH 

P-Quinone Hydroquinone 


Q + 2e + 2H® — H,Q 


D ~ 


Electrochemistry 3.81 


jive the decreasing order of E” eduction Of the following N OH 
uinones: pi 
f ii (I) © + 2H? +2e ——> 
H CH; Cl 
Il. Hi. 
a. I. I OH 
O O O 7 OH 
O O p> OH 
O (If) © + 2H° + 2e- —> 
II. 
b. I. i 


6 | =( )<{_)=0 + 2H? +26 — 
wo-(G)-(O)-08 


The reaction is represented as follows: 


O 
Q + 2H® + 2e +H,O 
cE OL O Il. oF.) .. Reduction potential (E99 | H0): WW > >I. 
O 


c. Stability order: I > II 
Reactivity order: II > I 
Standard reduction potential ( EY ino): I> I 


a. Decreasing order or EO eduction’ 


O OH 
m>I>N > 
b. >>I c Il>I (I) +2H”’ + 2e —> 
| 
OH 


| 
a. After reduction, products are: | 
O 


OH OH l OH (1,) 
1 
CH; Lo et: 9,10-Dihydroxyanthracene 
L II. Il. 7 OH | 
OH OH OH (II) +2H®+ 26 —> OO 
Reactivity order: II > I > IH || 
Stability order: II > I > H O OH 


II is more stable due to +R (or +M) effect of Cl than +I and (1) has two individual benzene rings whose 


H.C. effect of CH,. 
More stable the product means faster the reduction of 
quinone to hydroquinone and therefore higher E° eg value 


combined resonance energy along with that of two 
(C—O) groups is more than the resonance energy of 
three benzene rings of reduced product (1). 


“. Decreasing order of E? „g value in (a): WW >1> 0. 
b. Stability order: I > II > Ill 

Reactivity order: III > IJ > J 

(III) is more easily reduced to 


HoOXO)<O)-0H because it generates 


two aromatic rings which have more resonance energy 
and greater stability than the reaction of (1) and (II), 


Electrolysis and Electrolytic Cells 


Express each of the following combinations of electrical units 
as a single unit: 

a. Volt-ampere 

c. Volt ampere”! 

e. Watt (ampere-ohm)”! 

g. Joule (ampere-second) ! 


b. Ampere-second 

d. Joule volt” 

f. Joule second"! 

h. Joule (ampere second!) 


which would generate only one benzene ring. kiai 
Both (I) and (II) on reduction give one benzene ring, but Ti 
(II) is less stable (more reactive) than I because adjacent a. Watt b. Coulomb c. Ohm d. Coulomb 


(C=O) groups in (II) make it less stable. e. Ampere f. Watt g. Volt h. Ohm 


a. Write down th 
b. How long will it take to produce 35.5 g of CL? ey, | 


3.82 Physical Chemistry = it o eee | 
, | | e reactions taking place at the electrog. > 


A resistance heater was wound around a 5.0 g metallic cylinder. c. What will be the molarity of the solution with tee 
A current of 0.84 A was passed through the heater for 20 s while 8 HT ion? Peet to 
the drop in voltage across the heater was 5.0 V. The temperature d. What will be the final pH of the solution? 


change of the cylinder was from 25°C before the heating period 


Eo - in volume due to evaporati 
and 35°C at the end. If the heat loss is neglected, what is the Assume no loss in poration. 


specific heat of the cylinder metal in cal g' K~'. ngai 
ISD Energy input = 77t a. At cathode: 2C1° —> Cl, + 2e- 
= Ò 5 20 S 2 
ahr py) At anode: 2H,O + 2e —> 20H +H, | 
_ ——___—_ = 20 calorie 
4.18 J cal”! b. [2e =2F=2 x 96500 C= I mol of Cl, =71 g) 
Also . or 1 F = 96500 C = 1 Eq of Cl, = 35.5 g | 
Energy input = Mass x Specific heat x Temperature rise Since current efficiency is 50% | 
= (5.0 g) (Specific heat)  [(35 - 25) K] 50 96.5 
= 50 x specific heat £ Current = 203x 100 2 
20 cal = 50 x specific heat | Use direct relation, 
Specific heat = = =0.4 cal g! K! W. = Ewer) * Ixt 
a 2 96500 C 


; EEE 35.5 g x96.5/2 xt 
In a zinc manganese dioxide dry cell, the anode is made up 35.5 g= a7 ae 


of Zn and cathode of carbon rod surrounded by a mixture of 
MnO, carbon, NH, Cl, and ZnCl, in aqueous base. The cathodic _ „_ 96500 x35.5%2 _ 5099, 
reaction is: 35.5 x 96.5 
ZnMnO,(s) + Zn” + 2e —> ZnMn,O,(s) 
: . , 2000 s= ee =0.55h 
8.7 g of MnO, is taken in the cathodic compartment. How many 3600 
days will the dry cell continue to give a current of 9.65 x 103 A? oe Boor OH fonnėd = Eq CE 
(Atomic weight of Mn = 55) (Mw of MnO, = 87 g mol!) 35.50 7 
= = =]JEẸ 
Sol When MnO, will be used up in cathodic process, the dry 3550 q 
cell will stop to produce current. 6 
+2 +2 4 +2 +3x2 -2x4 [OH ] = Equivalent l _jg?y 
ZnMnO,(s) + Zn** + 2e —> Zn Mn O,(s) | Ve 100 L 


(n factor for MnO, = 3 —2 = 1) d. pOH =- log [10-7] =2 > pH= 14-2=!? 
~. 1 Eq of MnO, = 1 mol of MnO, = 87 g eo 
(1 F = 96500 C = 1 mol of MnO, = 87 g) 


Wy Tag weve UENCE aA a TANO N sh 0 x = J a > ~ - y at 
A constant current was flown for 1 min through a solunon 


"87 gof MnO; = 36500 C KI. At the end of experiment, liberated l, consumed 150ml% 
8.7 g of MnO, = 9650 C=1x t 0.01 M solution of Na,S,O, following the reaction: 
= 9.65 x 10° A x t (s) L, + 28,0,- — 21° + S07 
2650C o6 j= 10° What was the average rate of current flow in ampere? 
9.65x10°A 60 x 60 x 24 2_,| 
= 11.57 days 98.0.2 > §.0,2 +2 ln factor => 7!) 
Alternatively, use the direct formula a? 46 6 
We = EwxIxt mEq of KI = mEq of 1, liberated 
MnO, 96500 C = mEq of Na,SO, 
fi | = 150 mL x 0.01 x 1(n factor) 
An aqueous solution of NaCl on electrolysis gives H,(g), C1,( 9), “hamid 


[1 F = 96500 C = 1 Eq of S,0,°] 


and NaOH according to the reaction: 
1.5 x 10-3 Eq = 96500 C x 1.5 x 10° Eq 


© 
201" T 20 —> 20H +H (8) + Cl (g) => [I xt(s)=Ix60 
A direct current of 96.5 A with current efficiency of 50% 96500 Cx1.5x10 ° Eq 965 2 4125A 


is passed through 100 L solution of NaCl (20% by weight). 60s 400 


paar ae 


yeous solution of m-dinitroso benzene was electrolyzed for 2 


hours passing current of 2 A with efficiency of 90%. Calculate 
ihe amount of 3-aminoaniline. 


(Mw = 108 g mol!) 
NH, 


pO. Oy 
NH) 


Eq of current used = Eq of product 


_ 2x2x3600x 0.90 apa 
96500 i 
Mol of product obtained = Equivalent _ 9.134 
n factor 8 
Weight of product = Mol x Mw 
0.13 
aa f «108 =1.812¢ 


A 35% solution of LiCl was electrolyzed by using a 2.5 A 
current for 0.8 h. Assuming the current efficiency of 90%, find 
the mass of LiOH produced at the end of electrolysis. (Atomic 
mass of Li = 7) 


90 ( 2.5x 0.8 x 3600 
(SL) Number of Faradays = eT 


100 96500 
= 0.067 F 
Ew = Mw of LiOH =7+ 16+ 1=24g mol! 
(n factor = 1) 
Mion = Ew x Eq 
=24 x 0,067 = 1.61 g 


Acurrent of 10 A is employed to plate nickel in NiSO, bath. The 
current efficiency with respect to Ni plating is 60%. 


a. How many grams of Ni is plated on the cathode per hour? 

b. What is the thickness of the plating if the cathode consists 
of a sheet of metal 4.0 cm? which is coated on both faces? 

c. What is the volume of H, (STP) evolved during above 
electrolysis? 


‘Sol, At cathode: Ni?* + 2e —> Ni 
Both reactions (reduction) occur simultaneously in the given 
case. 


Number of Faradays 


_~_It 10x60x60 
96500 96500 
2F=] molNi 


F=0.373 F 


0.373 F = n x59g=11.00g 


Electrochemistry 3.83 
a. For 60% efficiency, weight of Ni plated 


= D istegi 
100 


b. Mass = Area x Thickness x Density 
6.6 = 4 x (24) x 1.25 (Here t = thickness) 
>= fS =0.66 om = 6.6 mm 


c. 2F=1 mol =22400 mL H, 


22400 x 0.373 


0.373 F= = 4177.6 mL = 4.178 L 


A certain amount of charge is passed through acidulated water. A 
total of 504 mL of hydrogen and oxygen were collected at STP. 
Find the magnitude of charge that is passed during electrolysis 
in coulombs. 


“Sol. ) 1 F=1 Eq of O,+ 1 Eqof H, 
= 5.6LO, +11.2 L of H, = 16.8 L 
16.8 x 10? mL > 1 F 


1x504 
16.8x10° 


= 0.03 F = 0.03 x 96500 = 2895 C 


504 mL > 


Note: 

Electro-synthesis: It is a method of producing chemical 
compounds through non-spontaneous reactions carried out by 
electrolysis. The above example is an illustration of electro- 
synthesis. Similarly, by electrolyzing a solution of MnSO, in 
H,SO,, MnO, may be produced at anode. 


Mn?* + 2H,O —> MnO,(s) + 4H® + 2e7 


=> 2F=1mol of MnSO, = 1 mol of MnO, 


During the electrolysis of water, a total volume of 33.6 mL of 
hydrogen and oxygen gas was collected at STP. Find the amount 
of electricity that passed during electrolysis. 


“Sol, ) Cathode: 2H® + 2e°- —> H, 


= 2 F = | mol of H, = 22400 mL 
or 1 F = 0.5 mol of H, = 11200 mL 
Anode: 40H =—> 0, +4¢: + 2H,0 
=> 4F=1 mol of O, = 22400 mL 

| or 1 F=0.25 mol of O, = 11200 mL 


From two electrode reactions, it is clear that hydrogen and 
oxygen are evolved in the mole ratio of 2 : 1, hence their 
volumes will also be in the same ratio. 


= Volume of H, = 2/3(33.6) = 22.4 mL 


L~. 


84 Physical Chemistry 
As 2 F = 22400 mL H, 
— 0.002 F of charge is passed through the electrolytic cell. 


— Amount of electricity = 0.002 x 96500 C 
= 193.0 C 


i ‘dis ‘ic acid 
During an electrolysis of cone H,SO,, perdisulphuric 4 
(H,S,0,) and O, are formed in equimolar amount. The moles 
of H, that will be formed simultaneously will be 
a. Thrice that of O, b. Twice that of O, 


c. Equal to that of O, d. Half of that of O, 


a. This isa special case of electrolysis where two products 
are being obtained at anode. 


At anode: 
40H —> O, +2H,O + 4e- (i) 
250,- —> §,0,2> + 2e- ...(ii) 


1 mol O, requires 4 F electricity and 1 mol S,0,7- 
(= H,S,O,) requires 2 F electricity. 


So, ifx mol of O, are being produced, electricity being 
passed at anode is: 


4x (for O,) + 2x (3 for S,0,7-) = 6x F 
At cathode: 
2H® + 2e-—_> H, 


(iii) 
2 F electricity = 1 mol H, is produced 
= 6x F electricity = 1 mol H, is produced 
= Moles of H, produced at cathode = 3 mol of O, produced 
at anode. 


weit 


current of 1.0 A is passed for 96.5 s through a 200 mL solution 
of 0.05 M LiCl solution. Find 


a. The volume of gases produced at STP 
b. The pH of solution at the end of electrolysis 


“Gol.” Number of faradays passed 


Cathode: 2H® + 2e —— H, 
(Li® will remain in Solution 
2 F= 1 mol of H, 
or 1 x 103 F=0.5 x 10° mole of H, 
= 0.5 x 10° x 22400 mL H, at STP 
= 11.2 mL H, STP 
Anode: 2Cl° —> Cl, + 2e- 
(O, will be not be liberated due to over potential) 
=> 2F=1molofCl, - 
or 1 x 10° F=0.5 x 10% mol of CL 
= 0.5 x 10° x 22400 mL CL at STP 
= 11.2 mL CL at STP 


© 
In solution, Li? and OH are left. 


To calculate the pH of solution, first calculate the mullimoles 
of H® ions electrolyzed. 


= mmoles of H® ions electrolyzed = mEq of H® ions 

electrolyzed = Number of faradays passed = 10° F 

Since H,O produces equal number of H® and OH ion 
© 

mmoles OH ions left in excess = 1073 


© —3 
=> [OH] > 10 


—— = § —3 
200/1000 > <!0 M 


© 
[Neglect OH from dissociation of H,O] 


=> POH = -log (5 x 10)=3 -lo 
> pH = 14 — pOH = 14-23=11.7 


single Correct Answer Type 1] 


glectrochemical Cell 
į. Which of the following statement is correct ? 


(1) Cathode is —ve terminal in both, galvanic and electrolytic 
cells 

(2) Anode is +ve terminal in both, galvanic and electrolytic 
cells 

(3) Cathode and anode are —ve terminal in electrolytic and 
galvanic cell 

(4) Cathode and anoce are +ve terminal in electrolytic and 
galvanic cell. 

2, Which of the following statements is correct about Galvanic 

cell ? 

(1) It converts chemical energy into electrical energy. 

(2) It converts electrical energy into chemical energy. 


(3) It converts metal from its free state to the combined 
state. 


(4) It converts electrolyte into individual ions. 
3. Which graph correctly correlates E „ņ as a function of 
concentrations for the cell 
Zn(s) + 2Ag® (ag) —> Zn** (aq) + 2Ag(s), 
EF 4, = 156 V 


2+ 
Y-axis : E ep X-axis : logig [Zn] 
Ag?y 
1.56 V 
(1) 1.56 V (2) 
0 1.0 
1.56 V 
(3) 
=10 0 16 -1.0 0 10 


4. Given the listed standard electrode potentials, what is E° 
for the cell: 
4BiO® (aq) + 3N,H,®(aq) —> 4Bi(s) + 3N,(g) 
+ 4H,O(1) + 7H®(aq) 
N (8) + SH®(aq) + 4 —» N,H, (aq), E° =-0.23 V 
BiO®(aq) + 2H®(aq) 3e ——» Bi(s) + H,O(1), 
E? = +0.32 V 
(1) +0.55 (2) +0.34 
(3) + 1.88 (4) +0.09 


5. What is the standard electrode potential for the reduction of 
HClO? 


HClO(aq) + H®(aq) 2e- —> Cl(aq) + H,O(1) 

Given Cr?+(aq) —> Cr>*(aq) e, E° = 0.41 V 

HClO(aq) + H®(aq) + 2Cr?*(aq) ——» 2Cr3*(aq) + Cl©(aq) 
+ H,O(1), E° = 1.80 


P 


Exercises 


(1) 1.39 
(3) 1:22 


(2) 1.54 
(4) 0.90 


6. The E° for the following cell is +0.34 V. 


N 


\o 


10. 


l1. 


In(s) | In (OH),(aq) || SbO,®(aq) | Sb(s). 
Using E° = —1.0 V for the In (OH), | In couple. 
Calculate E° for the SbO,°| Sb half-reaction: 


(1) -1.34 (2) + 0.66 
(3) +0.82 (4) -0.66 


. From the following half-cell reactions and their standard 


potentials, what is the smallest possible standard e.m.f. for 
spontaneous reactions ? 


PO, (aq) + 2H,O(1) + 2e —> HPO,? + 30H(aq); 


E°=-1.05V 
PbO,(s) + H,O(I) + 2e ——» PbO(s) + 20H aq); 
E° = +0.28 V 
10,°(aq) + 2H,O(1) + 4e° —> 10°(aq) + 40H( aq); 
. E° = +0.56 V 
(1) +0.00 (2) +0.74 
(3) +0.56 (4) +0.28 
. Determine which substance is the best reducing agent in 
On 7 
(1) HPO, (2) PO,- 
(3) 10° (4) 10, 


. Consider the following half-cell reactions and associated 


standerd half-cell potentials and determine the maximum 
voltage that can be obtained by combination resulting in 
spontaneous processes: 
AuBr,°(aq) + 3e ——» Au(s) + 4Br®(aq); E° =—0.86 V 
Eu>*(aq) + © ——» Fu?” (aq); E°=-0.43 V 
Sn?*(aq) + 2e ——» Sn(aq); F° =-0.14V 
10°(aq) + H,O(1) + 2 —> I9(aq) + 26H(aq): 

| E° = +0.49 V 
(1) +0.72 (2) +1.54 
(3) + 1.00 (4) + 1.35 
A solution containing H® and D® ions is in equilibrium with 
a mixture of H, and D, gases at 25°C. If the partial pressures 
of both gases are 1.0 atm, find the ratio of [D®]/[H®]: 
(Given: EDO /p, = —0.003 V) 


(1) 1.23 (2) 1.12 

(3) 0.11 (4) 1.0 

The £° at 25°C for the following reaction is 0.55. Calculate 

AG® in kJ/mol : 

4BiO(aq) + 3N,H,° ——» 4Bi(s) + 3N,(g) + 4H,O(1) 
eds bes 

(1) -637 

(3) —106 


(2) 424 
(4) -318.5 


12. A large quantity of cobalt metal was dropped into a solution 


containing Ag® Fe3* and Cu”, all at unit concentration. If 


E° (Ag®/Ag) = 0.799 V, 


3.86 


— 
tsd 


14. 


16. 


A 


18. 


19. 


20. 


Physical Chemistry — 
E°(Fe**, Fe**/Pt) = 0.77 V, 

E°(Cu**/Cu) = 0.34 V, 

E°(Fe**/Fe) = —0.04 V, 

E°(Cu2*/Cu®/Pt) = 0.153 V and 

E°(Co**/Co) = 0.28 V, then the solution would contian 
(1) Ag, Fe and Cu (2) Ag, Fe and Cu® 

(3) Fe, Cu and Co? (4) Fe”, Cu, Ag and Co** 


. Given : E°(Sn**, Sn**/Pt) = 0.15 V, 


E*( Hg3* . Hg?*/Pt) = 0.92 V and 
E*(Pb**, H*/PbO,) = 1.45 V. Based on this data, which of 
the following statements is correct ? 

(1) Sn* is a stronger oxidizing agent than Pb** 

(2) Sn? is a stronger reducing agent than Hgs* 

(3) Hg% is a stronger oxidizing agent than Pb** 

(4) Pb% is a stronger reducing agent than Sa” 

Indicator electrode is: 

(1) SHE (2) Calomel electrode 

(3) Ag/AgClelectrode (4) Quinhydrone electrode 


5. Given that: I, + 2e —> 219; E°= 0.54 V 


Br, + 2e —> 2Br®; E° = 1.69 V 
Predict which of the following is true. 
(1) I° ions will be able to reduce bromine. 
(2) Br® ions will be able to reduce iodine. 
(3) Iodine will be able to reduce bromine. 
(4) Bromine will be able to reduce iodide ions. 
An electrochemical cell stops working after some time 
because 
(1) Electrode potential of both the electrodes becomes zero. 
(2) Electrode potential of both the electrodes becomes equal. 
(3) One of the electrode is eaten away. 
(4) The reaction starts proceeding in opposite direction. 
Which of the following statements is correct for a galvanic 
cell? 
(1) Reduction occurs at cathode 
(2) Oxidation occurs at anode 
(3) Electrons flow from anode to cathode 
(4) All the statements are correct 
Given E® agè ag 7 +0.80 V; E? 5 34 lo = —0.28 V, 
EO cu2+ | cy = +0.34 V, EO, 24 (Zp = 0.76 V 
Which metal will corrode fastest? 
(1) Ag (2) Cu (3) Co (4) Zn 
Red hot carbon will remove oxygen from the oxides XO 
and YO but not from ZO. Y will remove oxygen from XO, 
Use this evidence to deduce the order of activity of the three 
metals X, Y, and Z, putting the most reactive first. 
(W) X,Y,Z (2)Z,Y,X (3)¥,X,Z (4) Z, X,Y 
Among Na, Hg, S, Pt, and graphite which can be used as 
electrodes in electrolytic cell having aqueous solutions? 
(1) Na and S (2) Hg, Pt, and S 
(3) Na, Hg, and S (4) Hg, Pt, and graphite 


21. 


22. 


23. 


24. 


25. 


26. 


Zi 


28. 


29, 


30. 


In an electrolytic cell current flows 
(1) From cathode to anode in outer circuit 
(2) From anode to cathode outside the cell 
(3) From cathode to anode inside the cell 

(4) None of the above 

The reaction Cu?* (aq) + 2CI°(aq) —> Cu(s) 
EO a = ~1.03 V. This reaction 


(1) Can be made to produce electricity in Voltaic <i 
(2) Can be made to occur in an electrolytic cell 


(3) Can occur in acidic medium only 

(4) Can occur in basic medium only 

Which statement is true about a spontaneous 
in galvanic cell? 

(1) E° e > 0; AG? < 0; Quotient Q < K. 

(2) ES a< 9; AG? >0;Q<K, 

Ge? 4" Che" >0, 0-8, 

(4) E° 4, > 0; AG > 0; O<K, 


cel] reaction 


Zn acts as sacrificial or cathodic protect ion to Prevent rustin, 


of iron because 

(1) E°op of Zn < Epp of Fe 
(2). E° pof Zn >-E°,, of Fe 
(3) Eo, of Zn = E° >, of Fe 
(4) Zn is cheaper than iron 


The oxidation potential of a hydrogen electrode at pH = | 


and Py, = 1 atm is 


(1)-0.59V (2)0.00V  (3)+0.59V_ (4) 0.059 


E® of Mg** | Mg, Zn”? | Zn, and Fe” | Fe 


are —2.37 V. 


—0.76 V, and —0.44 V, respectively. Which of the following 


is correct? 
(1) Mg oxidizes Fe (2) Zn oxidizes Fe 
(3) Zn reduces Mg** (4) Zn reduces Fe 


The solution of CuSO, in which copper rod is immerse $ 
diluted to 10 times. The reduction electrode potential 


(1) Increases by 30 mV (2) Decreases by 
(3) Increases by 59 mV (4) Decreases by 


30 mV 
59 mV 


Deduce from the following E©values of half cells. W 


combination of two half cells would results 
the largest potential? 


ina cell wilt 


I Ate tie A®, Fe = DH 

Il. BO + È =-= B3, Ee = +1.25 
E TAN 

ILCO +2 CH po = -1.23 


IV. D -+ 2e ——_ D? , Ee = +0.08 Y 


(DIIY Dmu æm, G 


Given that EM 924 i= 0.44 V; EO. .2+ | Feð* 


y LU 
apn’ 


If Fe?', Fes! and Fe solid are kept together, then 


(1) Fe*' increases 
(2) Fe?! decreases 
(3) Fe?', Fe?* remain unchanged 
(4) Fe** decreases 


A galvanic cell is set up from a zinc 
100 g and 1.0 L of 1.0 M CuSO, solution. Ho 


` shill? 
bar wes 


w long 


the cell run if it ig assumed to deliver a steady current of 
1.0 A. (Atomic mass of Zn = 65) 


(1) 1.1 hours (2) 46 hours (3) 53.6 hours (4) 24 hours 


4), The thermodynamic efficiency of cell is given by 


FE —n 


eaction A(s) + 2B® —> A” + 2B 
K, has been found to be 10!*. The EO en is 
(1) 0.354V (2) 0.708 V (3) 0.0098 V (4) 1.36 V 
33, How much will the reduction potential of a hydrogen 
electrode change when its solution initially at pH = 0 is 
neutralized to pH = 7? 
(1) Increase by 0.059 V (2) Decrease by 0.059 V 
(3) Increase by 0.41 V (4) Decrease by 0.41 V 
34, If EO Fe3+ | Fe and E°,.2+ | pe are 0.36 V and —0.439 V, 
respectively, then the value of EP. .3+ | Fe2+ is 
(1) (36 - 0.439) V 
(2) [3(-0.36) + 2(-0.439)] V 
(3) (0.36 — 0.439) V 
(4) B(0.36)- 2 (-0.439)] V 
38. The standard electrode potential of a metal ion (Ag | Ag®) 
and metal-insoluble salt anion (Ag | AgC! | C19) are related 


3. For at 


as 


(1) E? 08 |Ag E? c0 | AgCl | Ag + —— In Ky, 


(2) ae agcijag E aga? p 2 Asp 
RT j 
Rr, [C°] 


(3) E® aie = EO oO jAgci Ag t F K 
sp 


: RT, Ky 
(4) Ece jagcoijag = E Aat F Ce] 


36. The standard reduction potential at 25°C for the reaction, 
© 
2H,0 + 2e == H, + 20H is -0.8277 volt. The 
equilibrium constant for the reaction: 
2H,0 =— H,0®+ OH at 25°C is 
(10 (10 Go (4) 10° 


37. ia would be the magnitude of the EMF of the following 
cell: 


0.1M acetic acid || 0.1 M formic acid 
Pt(H,)| 0.1 M sodium 0.1 M sodium 
acetate fomate 


Pt(H,) 


5 PREPONE. 
at 25 C? The ionization constant of acetic acid, K, ~ 10>, 
While that of formic acid, k~” 10+. 


(1) 0.0295 V (2) 0.059 VV (3)-0.059 V_ (4) -0.0295 V 


3 
8. 7 cata set up for the measurement of EMF of a 
7 ce using a reference electrode and a salt bridge, when 
e salt bridge is removed, the voltage 
(1) Does not change 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


(2) Increases to maximum 


(3) Decreases to half the value 

(4) Drops to zero 

The reference calomel electrode is made from which of the 
following? 

(1) ZnCl, (2) CuSO, (3) Hg,Cl, (4) HgCl, 

The standard reduction potential of Li® | Li, Ba?* | Ba, 
Na® | Na and Mg’ | Mg are _3.05, -2.73, -2.71, and 
_2.37 volts, respectively. Which one of the following is the 
strongest oxidizing agent? 

(1) Na® (2) Li? (3) Ba?* 
What is the electrode potential of a gaseous hydrogen 
electrode dipped in a solution pH = 5.0 relative to the 
calomel electrode with an electrode potential of +0.28 V? 
(1) -0.015 V (2) +0.575 v (3)+0.015V (4) —0.575 V 
The EMF of a concentration cell consisting of two zinc 
electrodes, one dipping into M/4 solution of ZnSO, and the 
other into M/16 solution of the same salt at 25°C is 

(1) 0.0125 V (2) 0.0250 V (3) 0.0178 V (4) 0.0356 V 

A certain electrode has standard (reduction potential) of 
0.384 V. The potential when measured against a normal 
calomel electrode (with electrode potential = 0.28 V) is 

(1) 0.104 (2) 0.664 (3) 0.332 (4) 0.218 

The potential of a hydrogen electrode in a solution with 
pH = 5 at 25°C is 

(1) +0.59 (2) —0.59 (3) 0.295 (4) 0.295 

The potential of a hydrogen electrode in a solution with 


(4) Mg?* 


` pOH = 4 at 25°C is 


46. 


47. 


48. 


(3) 1.289 V 
49. 


(1)—0.059 (2) 0.059 (3) —0.59 (4) 0.59 
Consider the electrode Ag | AgCl(s), C19 (0.1 M), i.e., silver 
electrode in contact with 0.1 M KCI solution saturated 
with AgCI. If it is combined with the electrode Ag | Ag® 
(0.1 M) to form a complete cell, the EMF would be 
(K,, of AgCI = 10-!° at 25°C) 

(1) 0.799 (2) 0.636 (3) 0.59 (4) 0.472 

The standard EMF of decinormal calomel electrode is 
0.268 V. The EMF is 

(1) -0.298 V (2) 0.327 V (3)—0.327 V (4) 0.298 V 
The standard EMF of quinhydrone electrode is 0.699 V. The 
EMF of the quinhydrone electrode dipped in a solution with 
pH = 10 is 
(1) 0.109 V (2) -0.109 V 

(4) -1.289 V 

A hydrogen electrode placed in a solution containing sodium 
acetate and acetic acid in the ratio of x : y and y : x has a 
electrode potential value Æ| and E, volts, respectivel $ 
25°C. The pK, value of acetic acid is si 


—(£,+£ 
(1) Z(E + £2) l 2) (2) Fi + Ey 
2 x 0.059 2 x 0.059 
(3) E- (4) E + E) 
2 x 0.059 0.059 


3.88 


Physical Chemistry č peenaa 


50. Given standard LY: 


mn 
tm 


in 
t3 


E© = -0.036 V 
E© = -0.440 V 


Fet + 3e —> Fe; 
Fe?* + Ie —> Fe; 

x ; PAPA ET 
The E® of Fe? + e —> Fe“ is 


(1) -0.476 V (2) -0.404 V (3) 0.404 V (4) 0.772 V 


. For the cell Zn(s) | Zn?*|| Cu% | Cu(s), the standard cell 


voltage, E® en is 1.10 V. When a cell using these reagents 
was prepared in the lab, the measured cell voltage was 
0.98 V . One possible explanation for the observed voltage 1s 
(1) There were 2.00 mol of Zn?” but only 1.00 mol of Cu”. 
(2) The Zn electrode had twice the surface of the Cu 
electrode. 
(3) The [Zn**] was larger than the [Cu?*). 
(4) The volume of the Zn** solution was larger than the 
volume of the Cu** solution. 
. AG = AH-T AS and 


8o] (Za ) 
z= AH +T|———| , then | —sell 
AG = AH | iT |p qT IS 


nE 


(1) = (2) E (3)-nFE. (4) nFE en 
- Zn + Cu**(aq) =— Cu + Zn” (aq). 
| OE | xz 
Reaction quotient is Q = (Cu = - Variation of E _„ with log Q 
is of the type with OA = 1.10 V. A 
È Will be 1.1591 V when Ecel 
(1) [Cu] / [Zn?+] = 0.01 
(2) [Zn*"] / [Cu**] = 0.01 . 
(3) [Zn?*] / [Cu] = 0.1 
(4) [Zn] / [Cu] =] Log Q 


54. Cu? +e — Cu, Fe =x, volt 


Cu** + 2e —> Cu, Fe = x, volt, then for 
Cu* + & —+ Cu®, Fo volt) will be 
(1) x, =x, (2) x, aes (3).x, =X 


(4) 2X, =X] 


55. Zn Zn” (c) | Zn**(c,) | Zn. For this cell AG is negative if: 


(éme (2) Cyc, (3)c,> c; (4) None 


56. Pti(H,) (p) | H® (1 M) | (H3) (p,)|Pt cell reaction will be 


57. 


58. 


exergonic if 
(1) p =p, 
(3) py > p, 


(4)p,= 1 atm 


Pt\(Cl,) (p,) | HCI (0.1 M) | (C1) (p,)| Pt cell reaction will 
be endergonic if 

(1) p, =p, (2) p-p, 
(3) P> p, (4) p, =p,= 1 atm 


Pt|(H,) (1 atm) | H,O, electrode potential at 298 K js 
(1) -0.2364 V (2) -0.4137 V 
(3) 0.4137 V (4) 0.00 V 


59. 


60. 


61. 


62. 


63. 


64. 


For the half cell 
OH O 


+ 2H® + 2e, Eosi 


OH O 

At pH = 2, the electrode potential is 
(1) 1.36V (2)1.30V (3)142V (4 1.20 y 
Which of the following changes will increase the EMF | 
the cell: Co(s) | CoCl(M,) || HCI (M) (Hp g) ppp 
(1) Increase in the volume of CoC], solution from | 

to 200 mL. 
(2) Increase M, from 0.01 M to 0.50 M. 
(3) Increase the pressure of the H,(g) from 1.00 to 2.99 atm 
(4) Increase M, from 0.01 to 0.50 M. 
Ag | Ag? (1 M) || Ag® || Ag 


1 L solution 


00 my 


1 L solution 


0.5 F electricity in the LHS (anode) and | F of electricity in 

the RHS (cathode) is first passed making them independen 

electrolytic cells at 298 K. EMF of the cell after electrolysis 

will be 

(1) Increased 

(2) Decreased 

(3) No change 

(4) Time is also required 

The cell EMF is independent of the concentration of te 

species of the cell in 
© S>) 

(1) Fe | FeO(s) | KOH(aq) | NiO(s) | Ni,O,(s) Ni 

(2) Pt | (H,) | HCI | (Cl,) Pt 

(3) Zn | Zn?* || Cu2* | Cu 


~ 


(4) Hg, Hg,Cl, KCI || AgNO, | Ag 
Given the standard potential of the following at 25°C. 

MnO, —> Mn”; FO =0.95\ 
Mn" —> Mn”; Fo =1.51\ 


The standard potential of MnO, —> Mn” is 


(1)-0.56V (2)-2.46V (3)-1.23V 4) 1239 
The potential of the following cell at 25°C is 
p| H2 | HNO, || NaOH H, 

(1 atm)| (0.1 M)(10-3 M)i(Latm) 


(1) -0.059 V (2) 0,059 (3)-0.59V. (405V 


- Given the following cell at 25°C 


(1 atm) 


H3 
(latm) 


CH,COOH|| NaOH 
(10°M) ||103M) 
What will be the potential of the cell? 


Given pK, of CH,COOH = 4.74 


(1)-0.42V (2)042V = (3)-0.19V (4) 0.19 V 


66. What is the potential of the cell containing two hydrogen 


electrodes as represented below? 


pt; + H3(g)| H30 ||H® (0.001 mp)t/2H1,(g) Pt 
(1) 0.236 V (2) -0.0591 V 
(3) 0.236 V (4) 0.0591 V 
67. Given electrode potentials are 
fe +e Eeti E®=0.771 V 
Le => 21°; E© = 0.536 V 


EF? en for the cell reaction, 
2Fe* + 21° —+ Fe** +L, is 
(1) (2 x 0.771 — 0.536) = 1.006 V 
(2) (0.771 — 0.5 x 0.536) = 0.503 V 
(3) (0.771 — 0.536) = 0.235 V 
(4) (0.536 — 0.771) =-0.236 V 
68. The following facts are available: 
2A° + B, —> 2B© + A,; 
2C° + B, — > No reaction: 
2D° +A, —> 2A® +D, 
Which of the following statement is correct? 
(E tom E> o a E? o lA? ESP ID, 
(2) E9 -e ios EP. iB, E® o 1% EO 
6) Pee c< E°p0 p> Eno a7 E°p® ip, 


De © 
(4) ES o7 E90 p< E90 |, S E D® |D, 


D® |D, 


69. The potential of the cell at 25° C is 
| H, |NH,OH|| NaOH | H, | 
(1 atm)| (10->M)||(10-3M)|(1 atm) 
Given PK, of NH,OH = 4.74 
1)00S5V  (2)-0.05V (3)-0.28V (4) 0.28 V 
The potential of the cell at 25°C is 


Pt! H, |CH,COONa|| NH,CI H, 
(am) (0.1M) ||(0.2 M) (1 atm) 
| 4 


70. 


Pt 


| + 
| CH,COOH ||NH,OH 
(0.01 M) |}(0.1M) 
Given pK, of CH,COOH and PK, of NH,OH = 4.74 
(1) -0.04 y (2)0.04V (3) -0.189 V (4) 0.189 V 
i; Calculate the potential of the following cell: 


Co*. Cot 
(2.0 M) (1.0 M) 


Pt Cr’, CrO’ JH” 


(1.0 M) (4.0 M) (1.0 M) 
Co2+ | Co3+ = —2V, EO 


2 


Cr,072-|c3+ = +1.0 V 


i. Fre 4 ya — 


a = Fey®:; K = 1.3 x 1025 
e +YE == Fey% K=2.1 x 10!4 


a 


)1.024V (2)-1024V (3 )0.976 V (4) -0.976 V 


73. 


74. 


75. 


76. 


77. 


78. 


79. 


80. 


81. 
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E9 = +0.77 V 


and 


Fet +e === Fe?t; 
E® for FeY® + e —> FeY2 

(1)0.13 V  (2)-0.636 V (3) +0.636 V (4)1.41 V 
Calculate £® for the reactions: 

ZnY* +2¢ === Zn(s)+Y*, where Y* is the completely 
deprotonated anion of EDTA. The formation constant for 


ZnY* is 3.2 x 10'§ and E© for Zn ——> Zn + 2e is 
0.76 V. 


(1I)-1.25V (2)048V  (3)+0.68V  (4)-0.27V 
The solubility product of Pb,(AsO,), is 4.1 7 1026. EO for 
the reaction: 
Pb,(AsO,),(s) + 6 === 3Pb(s) + 2As0,% if 

EO 524 | pp ~ 0-13 V 
(1) +0.478 V (2)-0.13 V (3)-0.478 V (4) +0.13 V 
A cell is to be constructed to show a redox change: 
Cr+2Cr3* == 3Cr**. The number of cells with different 
E° and n but same value of AG® can be made (Given 
ES oat [cr2+ = —0.40 V, E934 ice ~ 0.74 V, and E® 2+ 
=—0.91 V) 
(1) 1 (2) 2 (3)3 (4)4 
EO for Cr+ + 3e° —> Cr and Cr* + e —» Cr are 
-0.74 V and -0.40 V, respectively. E® for the reaction is 
Cr*? + 20° >» Cr 
(1)-0.91V (2)+0.91V (3)-1.14V (4) +0.34 V 
The efficiency of a fuel cell is 80% and the standard heat 


of reaction is —300 kJ. The reaction involves two electrons 
in redox change. E® for the cell is 


(1)1.24V (2)248V (3)0V (4) 0.62 V 
The Ee for a given cell is 1.2346 and 1.2340 V at 300 K 


and 310 K, respectively. Calculate the change in entropy 


during the cell reaction if the redox change involves three 
electrons. 


(1) -17.37 J Ko! (2) +17.37 J K`! 

(3) 173.7 J K`! (4) 5.79] K! 

The £° for Cu?*/Cu®, Cu® /Cu, Cu2*/Cu, are 0.15 V. 
0.50 V, and 0.325 V, respectively. The redox cell showing 
redox reaction 2Cu® —-» Cu? + Cu is made. F® of this 
cell reaction and AG® may be 


(1) EÈ = 0.175 V or EP = 0.350 V 

(2)n=1 or2 

(3) AG° = -33.775 kJ 

(4) All of these 

For the given cell Pty jpe I| HP | Pt, . if EB, pe = 0.003 V, 


what will be the ratio of D® and H® at 25°C when the 
reaction D, + 2H® 


(1) 1.34 


Cr 


-> 2D° + H, attains equilibrium 

(2) 1.24 (3) 1.124 (4) 1.45 

What is £Y q for the reaction: Cu?* + 2e° —> Cu in the 
half cell Pty | CuS | Cu if EY is 0.34 V and Ky, of 
CuS = 10°35? 
(1) 0.34 V 

(3) +0.6925 V 


Cu2+ | Cu 


(2) -0.6925 V 
(4) -0.66 V 
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82. A half cell reaction Ag,S(s) + 2e 
carried out in a half cell Pt aes | Ag, H2S (0.1 MY 
The EMF of the half cell is P 
4 = 107! of Ag,S= 1077] 

[EP aS jag = 0:80 V, Ky u,s) > 10-!, and Kp of Ag, 


(1) 0.1735 V (2) 0.19 V 


(3) +0.1735 V (4) +0.19 V i 
and quinhydrone electrodes are reversible with 


— 3Ag(s) + S% is 
at [H®] = 10>. 


83. The calomel a 
respect to which ions, respectively: 
(1) cl®, H® (2) H®, Cie 
© @ 
(3) Hg,**. OH (4) Hg,**, H . 
84. The electrode with reaction: Cr,O,* (aq) + 14H (aq) 
+ 6e-——> 2Cr5*(aq) + 7H,O can be represented as 
(1) Pt | H®(aq), Cr,0,7 (aq) 
(2) Pt | H®(aq), Cr,0,7(aq), Cr?*(aq) 
(3) Pt| H,| H®(aq), Cr,0,7- 
(4) Pt| H, | H®(aq), Cr,0,*(aq), Cr3*(aq) 
85. Fora given reaction: M€ +” +ne-—> M™, EO eq is known 
along with M**” and M** ion concentrations. Then 
(1) n can be evaluated 
(2) x can be evaluated 
(3) (x + n) can be evaluated 
(4) n, x, (x + n) can be evaluated 


86. From the following information, calculate the solubility 
product of AgBr. 
AgBr(s) + € —> Ag(s) + Br°(aq); E°=0.07 V 
Ag®(aq) + e —> Ag(s); E° = 0.80 V 
(14 «1078 (2)4x 10719 (3) 4. 10717 (4) 4 x 1077 
87. Suppose that gold is being plated onto another metal in a 
electrolytic cell. The half-cell reaction producing the Au(s) 
is AuCl,2—-+ Au(s) + 4Cl®© + 3e- 
If a 0.30-A current runs for 1.50 min, what mass of Au(s) 
will be plated, assuming all the electrons are used in the 
reduction of AuC],°? 
(1)0.184g (2)0.551¢ (3) 1.84 g (4) 0.613 g 


88. What is the cell entropy change (in J K7!) of the following 


cell? 


p=ilatm 


CH,COOH, HCI] 
0.1 M 


KCI (aq) 
0.1M 


Hg Cl, (s)| Hg 


The EMF of the cell is found to be 0.045 V at 298 K and 
temperature coefficient is 3.4 x 104 V K-!. 


(Given: K cmcoon) = 10% M) 
(1) 60 


(2)65.2 (3) 69.2 
89. AG® of the reaction is: 


(4) 63.5 


4Al + 30, + 6H,0 + 40H —> 4A1(OH i 
E® en = 2.73 V 

A;G®° $m) = -157 kJ mol! 

AG? 0) =-—237 kJ mol"! 


90. 


91. 


92. 


93. 


94. 


95, 


9 


ea 


97, 


(1) —3.16 X 103 kJ mol"! (2) —0.79 x 103 kJ mol! 

(3) 0.263 x 10° kJ mol! (4) +0.263 x 10? KJ mop 
Cu2t + 2e —> Cu. For this, graph between £ 
InfCu2*] is a straight line of intercept 0.34 V th 
electrode oxidation potential of the half cell Cy | Cys 


(0.1 M) will be 
0.0591 934 — 9:0591 
(1) 0.344 (2) -0.34 ; 
0.059] 


A cell Cu | Cu?* || Ag? | Ag initially contains 2 M Ag? ang 
2 M Cu% ions in 1 L solution each. The change jp cel 
potential after it has supplied 1 A current for 96500 g is 


(1) -0.003 V (2) -0.02 V 
(3) —0.04 V (4) None of these 
The value of the reaction quotient Q for the cel] 
Zn(s) | Zn? (0.01 M) || Ag? (1.25 M) | Ag(s) is 
(1) 156 (2) 125 

(3) 1.25 x 102 (4) 64 x 103 

In acid medium, MnO,?° is an oxidizing agent. 


MnO, + 8H® + Se —> Mn” + 4H,O 


If HÊ ion concentration is doubled, electrode potential of 
the half cell MnO,°, Mn” | Pt will 

(1) Increase by 28.36 mV (2) Decrease by 28.36 mV 
(3) Increase by 14.23 mV (4) Decrease by 142.30 mV 


A reaction: 
oH: (g) + AgCl(s) === H®(aq) + Cl(aq) + Ag(s) 


occurs in a galvanic cell. The structure of the cell will ve 
(1) Ag, AgCl(s) | KCI(sol) | AgNO,(sol), Ag 

(2) Pt, H,(g) | HCl(sol) | AgNO,(sol), Ag 

(3) Pt, H,(g) | HCl(sol) | AgCl(s), Ag 

(4) Pt, H,(g) | KCI(sol) | AgCl(s), Ag | 
If the temperature coefficient of EMF is — 0.125 V X- 
AS for the given cell at 25°C is: 

Fe | Fe°*(aq) || Cd?*(aq) | Cd 
(1) -26.125 kJ K! 

(3) -22.125 kJ K- 


(2) -24.125 kJ KT 
(4) -20.125 kJ K" 


i . x : ge? 
- Which of the following is(are) function(s) of salt bride 


— trans Hows 
(1) It completes the electrical circuit with electrons fev i 
d flow? 


from one electrode to other through wires and 8" due 
ions between the two compartments through salt bn 
(2) It prevents the accumulation of the ions. 
(3) Both (1) and (2). 
(4) None of the above. 


Cur 4 Jems Cu. On increasing [Cu 
potential 


e 
2+], electrod 


(1) Increases 


98. 


99. 


100. 


101. 


103. 


104, 


105, 
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(2) Decreases 
(3) No change 
(4) First increases, then decreases 


The standard electrode potentials of Fe2+ | Fe and 
Sn?* | Sn electrodes are —0.44 and -0.14 V, respectively. 
For the reaction Fe + Sn** —> Fe2+ + Sn 


The standard EMF is: 
(1)-0.58 V (2) —0.30 V 
(3) +0.30 V (4) +0.58 V 


The standard reduction potentials at 298 K are given 
against each of the following half cell reactions: 


I, E°,,2+ iza = —0.76 V 
Il. Epe y, = 0.00 V 


II. E°,,3+ o =-0.74 V 
IV. EO pe3+ | Fet2 = +0.77 V 


Based on the above data, state which of the following is 
the strongest reducing agent? 


(1) Zn (2) Cr (3) H, 
For hydrogen—oxygen fuel cell with reaction 


2H,(g) + O,(g) —> 2H,O()) 


(4) Fe 


AG°(H,O) = -237.2 kJ mol"!. Hence, EMF of the fuel 
cell is 


(1) +2.46 V 
(3) +1.23 V 


(2) -2.46 V 
(4) -1.23 V 
A metal-insoluble salt electrode consists of 


(1) A piece of metal placed in a solution containing a 
sparingly soluble salt. 


(2) Crystals of an insoluble salt coated with a metal. 
(3) A piece of metal coated with one of its insoluble salts. 
(4) A metal fixed with an insoluble salt at hi gh temperature. 


2. Which of the following is the most powerful reducing 


agent? 


(Fe (2) Cl (3) Bre (4) 19 


If all species are in their standard states, which of the 
following is the strongest oxidizing agent? 


(1) Bro (2) Zn2* (3) Co** (4) Fe% 


The standard EMF ofa galvanic cell involving cell reaction 
with n = 2 is found to be 0.295 V at 25°C. The equilibrium 
Constant of the reaction would be 


(1) 4.0 x 1Q!2 
(3) 1.0 x 1010 


(2) 1.0 x 102 
(4) 2.0 x 10!! 


The correct order of reactivity of K,M g, Zn, and Cu with 
Water according to the electrochemical series is 


()K>Mg>2n>Cu 


(2) Mg > Zn>Cu>K 
3)K>Zn>Mg>Cu (4) Cu> Zn > Mg>K 
106, If EO, + Fe is x}, E°,, 3+ |Fe is x,, then EO 3+ | Fe2t will be 

(1) 3x, — 2x, (2) x, =x} 
(3)x, +x, (4) 2x, + 3x, 


107. 


108. 


109. 


110. 


111. 


112. 


113. 


For Pt | Cl,(p,) | HCI (0.1 M) | Cl,(p,) | Pt, cell reaction 
will be spontaneous if 


(1) Pp, =P, (2) p> P 
(3) p,>p, (4) p, = 1 atm 


Consider the following cell with hydrogen electrodes at 
different pressure p, and p,. 


Pt, Hy (p,) | H® (aq) 


I M 


H, (p2), Pt 


The EMF of the cell is given by 


0p na a"r 
OF" ozr" 

Consider the cell given below: 

Ag(s) | Ag®-|| Cu* | Cu(s) 

Ag® + e —> Ag; FO =x 

Cu?* + 2e —> Cu; EP =y 

EO i ist 

(la+2y (2) 2x+y (3) y-x (4) y—2x 


The standard reduction potentials of three metals A, B, and 
C are +0.5 V, -3.0 V, and —1.2 V, respectively. The order 
of reducing power of these metals is 


(1)B>C>A (2)A>B>C 
(3)C>B>A (4)A>C>B 


Calculate the maximum work that can be obtained from 
the decimolar Daniell cell at 25°C. 


Given: E? 792+ | Zn) = —0.76 V and EÈ 2+ ‘cy = 0.34 V 
(1) 193.0 kJ 
(3) 81.06 kJ 


(2) 212.3 kJ 

(4) 40.53 kJ 

Stronger the oxidizing agent, greater is the 

(1) Standard reduction potential 

(2) Standard oxidation potential 

(3) Ionic nature 

(4) None 

Consider the cell 

Ag(s) | AgBr (s) Br&(aq) || AgCl(s), Cl°(aq) | Ag(s) 

at 298 K. The Ky of AgBr and Ag l, respectively ds 
5 x 107! and 1 x 107!9, At what ratio of [Br°] and [CI®] 


ions, EM Foai would be zero? 


(1) 200 : 1 (2) 1 : 200 


(3) 1 : 100 (4) 1 : 500 
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114. The pH of LHE in the following cell is: Electrolysis 


121. Which of the following solutions can be Safely Store 


® I 
Pt|H,(1 atm) | H® (x M) || H®(0.1 M) | H, (0.1 atm) | Pt copper vessel? ding 
Een = 0.295 V. (1) Zn80, (2) AgNO; G)AuCh, (4) Alt org, 
(1) 6.5 (2) 6.0 (3) 5.5 (4) 4.0 122. By virtue of Faraday’s second law of electrolysis , 
© electrochemical equivalent of the two metals liberate e 
115. At what concentration of [OH] does the following half the electrodes has the same ratio as that of their s 
reaction has a potential of 0 V when other species are at (1) Atomic masses (2) Molecular masses | 
9 
a Q (3) Equivalent masses (4) Any of three | 
NO,° + H,O + 2e —> NO,°© + 20H; E® „u = 0.06 V 123. 0.5 F of electricity is passed through 500 mL of coppe 
(1)2.0M (10M G6OIM  () 0.01 M T The amount of copper which can be 
| . deposited will be 
116. If hydrogen electrodes dipped in two solutions of rae i (2) 3175g 
pH = 3 and pH = 6 are connected by a salt bridge, the (1) 03.> 8 | 
EMF „is (3) 15.8 g (4) Unpredictable 
cell : . ve 
(1) 0.052 V (2) 0.104 V 124. On carrying out the electrolysis of acidified water, the 
volume of hydrogen liberated at STP condition is 2241 
(3) 0.177 V (4) 0.3 V The volume of oxygen liberated is 
117. Consider the cell reaction: (1)22.4L (2)44.8L (3)I12L (4224L 


125. During the electrolysis of the aqueous solution of copper 


Mo(s) + Cu2*(aq) —> Cu(s) + Mg” (aq) l 
E o ai sulphate using Pt electrodes, the reaction taking place a 


If EOMg?* | Mg(s) and E°cy2+ | cus) are —2.37 and 0.34 V, anode electrode is 
respectively. EO eq 18 (1) Cu2* +2e Cu 
(1)2.03V (2)-2.03V (3)-2.71V (4)2.71 V (2) Cu —> Cu + 2e7 


(3). 260. > 4H® + O,+ 4e 
(4) H,O + ee —> OF + 12H, 
126. In passing 3 F of electricity through three electrolytic cells 


118. E? „q of different half cells are given as: 
EF? cy2t | cu= 0.34 V, E°,2* ize —0.76 V. 


E®ng® ag= 0.80 V> Bagg? mg 2.37 V. connected in series containing Ag®, Ca*, and AI ions 
In which cell AG® is most negative? respectively. The molar ratio in which the three metal is 
(1) Zn | Zn% (1 M) || Mg” (1 M) | Mg are liberated at the electrodes is 

(1) 12253 PAPATA. 
(2) Zn | Zn2* (1 M) || Ag® (1 M) | Ag D eee 
(3) Cu | Cu?” (1 M) || Ag? (1 M) | Ag 127. During electrolysis of fused calcium hydride, the hydrog*? 
(4) Ag | Ag®(1 M) || Mg?” (1 M) | Mg -is produced at 

119. For the reaction: (1) Cathode 
(2) Anode 


A+ 2B3+ —> 2B** + A**, 
(3) Hydrogen is not liberated at all 


E® of the given redox reaction is: ater 


(4) H, produced reacts with oxygen to form W 


A*+2e—>A BP=xV 128. Which of the following is anodic reaction? 
B3++e—>B* E9=yV (1) SO,?- + H,O —> H,SO, + 1/20,+2e 
(1)x-2y (2)x+y/2 (3)x-y = (A) y—-x (2) H? + e —+ 1/2H, 
120. Excess of solid AgCI is added to a 0.1 M solution of Br® (3) Ag? + e —> Ag 
ions. E° for half cell is: (4) None of these f 1,01 


129. The charge required for the reduction of 1 mol 0 


AgBr + e€ —> Ag + Br®; E° = 0.095 V . Me 
ions to Cr3* is 


AgCI + e€ —> Ag + CIO; E© = 0.222 V (1) 96500 C (2) 2 x 96500 C 

The value of [Br©] ion at equilibrium is: (3) 3 x 96500 C (4) 6 x 96500 C of" 

[Given: Antilog (2.152) = 142] 130. In order to completely oxidize 0.1 mol of p i 

(1) 0.0317 M (2) 0.013 M permanganate ion. The quantity of electricity °} | 
(1) 96500 C (2) 2 x 96500 C 


(3) 0.99 M (4) 0.099 M (3) 9650 C (4) 96.50 C 


pt 


132. 


133. 


14. 


136. 


137. 


138, 


139, 


14], 


For the electrolytic production of NaClO, from NaClO, 


according to the reaction NaClO, + H,O — NaClO, + H. 
How many faradays of electricity would be required to 
produce 0.5 mole of NaClO,? 


aio 2 (3) 3 (4) 1.5 


How many coulombs are required for the oxidation of 


| mol of H,O to O,? 

(1) 93000 C (2) 1.93 x 105C 

(3) 9.65 > 104C (4) 19.3 x 10? C 

On electrolysis of a solution of dilute H SO, between 
platinum electrodes, the gas evolved at the anode is 

(1) SO, (2) SO, (3) 0, (4) H, 

In electrolysis of very dilute NaOH using platinum 
electrodes 

(1) H, is evolved at cathode and O, at anode 

(2) NH, is produced at anode 

(3) Cl, is obtained at cathode 

(4) O, is produced at cathode and H, at anode 


. During the electrolysis of fused NaCl, which reaction occurs 


at anode? 

(1) Chloride ions are oxidized 

(2) Chloride ions are reduced 

(3) Sodium ions are oxidized 

(4)Sodium ions are reduced 

Two platinum electrodes were immersed in a solution 
of CuSO, and electric current was passed through the 
solution. After some time, it was found that colour of CuSO, 
disappeared with evolution of gas at the electrode. The 
colourless solution contains 

(1) Platinum sulphate (2) Copper hydroxide 

(3) Copper sulphate (4) Sulphuric acid 

When electricity is passed through a solution of AICI, and 
13.5 g of Al is deposited, the number of Faraday must be 
(1) 0.5 (2) 1.0 (3) 1.5 (4) 2.0 

What weight of copper will be deposited by passing 
2 faradays of electricity through a cupric salt (atomic weight 
of Cu = 63.5)? 

(1) 2.0 (2)3.175 (3) 63.5 (4) 127.0 


A solution of 9.65 A flowing for 10 min deposits 3.0 g of the 
metal which is monovalent. The atomic mass of the metal 


1S 
(1) 10 (2) 50 (3) 30 (4) 96.5 
. Acertain current liberates 0.5 g of hydrogen in 2 hours. How 


many grams of copper can be liberated by the same current 
flowing for the same time in a Copper sulphate 
(127g (2)15.9g (331 Be (ADOBE 

The mass of copper that will be deposited al cathode in 
electrolysis of 0.2 M solution of copper sulphate when 
a quantity of electricity equal to that required to liberate 
2.24L of hydrogen from 0.1 M aqueous H,SO, 15 passed 
(atomic mass of Cu = 63.5) will be 


solution? 


142. 


143. 


144. 


145. 


146. 


147. 


148. 


149. 


150. 


1S]. 


152, 


153, 


154, 
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(1)1.59g (2)3.18g (3)635g (4) 12.70g 
Which of the following is a strong electrolyte? 
(1) Ca(NO,), (2) HCN 
(3) H,SO, (4) NH,OH 


What volume of 0.1 N FeSO, can be oxidized by a current 


of 2 ampere hours? 

(1) 0.746 L (2) 7.46 L 

(3) 1.482 L (4) 0.373 L 

500 mL of I N solution of CuCl, was electrolyzed with a 
current of 2 amperes for | hour. What is the normality of 
the remaining CuCl, solution? 

(1) 0.85 (2) 0.15 (3) 0.30 (4) 1.0 

lonic strength of 0.4 M CaCl, is 


(1) 12 (2) 1.0 (3) 0.9 (4) 0.8 
Ionic strength of 0.2 M Na,PO, is 
(1) 2.8 (2) 1,2 (3) 1.0 (4) 1.8 


Ionic strength of a solution made by mixing equal volumes 
of 0.01 M NaCl and 0.02 M AICI, is 
(1) 0.065 (2) 0.13 (3) 0.0325 (4)9.0216 
Marshall’s acid is prepared by the electrolytic oxidation of 
H,SO, as 
250; ——> H50, + 2H® + 2e 
Oxygen and hydrogen are byproducts. In such electrolysis 
2.24 L of H, and 0.56 L of O, were produced at STP. The 
weight of H,S,O, formed is 
(1)9.7 g (2)194¢ (3)1455¢ (4)29.1g 
The volume of gases evolved at STP by passing 0.1 A of 
current for 965 s, through an aqueous solution of potassium 
acetate 
(1)22.4mL (2) 11.2mL (3)89.6mL (4) +#.8 mL 
The mass of gases evolved in Q. 149 is 
(1)0.06g (2)06g (3)6.0¢ (4) 60 g 
The volume of gases evolved at STP by passing 0.2 A of 
current for 965 s through an aqueous solution of sodium 
fumarate is 
(1)224mbL (2) 1b2mbL (3)8%omL (4) 4.8 mL 
The products obtained at cathode and anode on electrolysis 
Of aqueous sodium succinate are 
(1) Anode : Ethene + CO,, Cathode : H, 
(2) Anode : Ethyne | CO,, Cathode : H 
(3) Anode : Ethene + H., Cathode : Na 
(4) Anode : Ethyne + H, Cathode : Na 
oo Strength of 1.0 A is passed for 96.5 s through 
m of a solution of 0.05 M KCL. The concentration of 
7 tinal solution with respect to OH ions is 
}, 
) )0.005M (2)0.05M  (3)0.01M (4) 0.001 M 
| Q.153, pH of the final solution will be 
? 
pie (2) 2 (3) 11.7 (4) 3 


’ 
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155. Assume that during the electrolysis of AgNO,, only H,O is 
electrolyzed and O, is formed as 
2H,0 —> 4H® + O, + 4e 
O, formed at NTP due to passage of 2 amperes of current 
for 96 seconds is 
(1)0.112L (2)0.224L (3)112L  (4)224L 

156. During electrolysis of acidified water, O, gas is formed at 
the anode. To produce O, gas at the anode at the rate of 
0.224 mL per second at STP, current passed is 
(1)0.224A (2)2.24A (3)9.65A (4)3.86A 

157. The gas evolved at the anode when K,SO, (aq) is 
electrolyzed between Pt electrodes is 
(1) 0, OH, (3) SO, (4) SO, 

158. A sanity of electrical charge that brings about the 
deposition of 4.5 g Al from Al?* at the cathode will also 
produce the following volume (STP) of H,(g) from H® at 
the cathode 


(1)448L (2)224L (3)11.2L (4)5.6L 
159. 100 mL of a buffer of 1 M NH,(aq) and 1 M NH,® (aq) are 
placed in two voltaic cells separately. A current of 1.5 A is 
passed through both cells for 20 min. If the electrolysis of 
water only takes place: 
2H,O + O, + 4e°—> 40H (RHS) 
2H,0 —> HÊ + O, + 4e (LHS), then 
(1) pH of LHS half cell will increase. 
(2) pH of RHS half cell will increase. 
(3) pH of both half cells will increase. 
(4) pH of both half cells will decrease. 


160. Which metal can deposit copper from copper sulphate 
solution? 
(1) Mercury (2) Iron (3) Gold (4) Platinum 
161. On the basis of position in the electrochemical series, the 
metal which does not displace H, from water and acid is: 
(1) Hg (2) Al (3) Pb (4) Ba 


162. A dilute aqueous solution of sodium fluoride is electrolyzed, 
the products at the anode and cathode are 


(1)0,,H, (2)F„Na (3)O,„Na (4)F,H, 


163. Copper can be deposited from acidified copper sulphate and 


alkaline cuprous cyanide. If the same current is passed for 
a definite time: 


(1) The amount of copper deposited from acidic copper 
sulphate will be higher. 
(2) The amount of copper de 


| posited from alkaline cuprous 
cyanide will be higher. 


(3) The same amount of copper will be deposited. 
(4) None of these. 
164. Silver is removed electrolytical] 


solution of AgNO, by a current 
take to remove half of the silver 


y from 200 mL of a 0.1 N 
of 0.1 A. How long will it 
from the solution? 


165. 


166. 


167. 


168. 


169. 


170. 


171. 


172, 


(2) 100 s 
(4) 9650 s 


(1) 0.1 s 
(3) 965s 
Chromium plating can involve the electrolysig : 
electrolyte of an acidified mixture of chromic acid a 
chromium sulphate. If during electrolysis the article t 
plated increases in mass by 2.6 g and 0.6 dm? of oxype : 
evolved at an inert anode, the oxidation state of chromiy. it 
ions being discharged must be: (assuming atomic Weight 
Cr = 52 and | mole of gas at room temperature and Pressun a 
occupies a volume of 24 dm’) 


(1) -1 (2) Zero (3) +] (4) +2 | 
Which of the following does not evolve oxyzen at anode 
when the electrolysis is carried out? 

(1) Dilute H,SO, with Pt electrodes 

(2) Fused sodium hydroxide with Pt electrodes 


(3) Acidic water with Pt electrodes 

(4) Dilute sulphuric acid using Cu electrodes 

A constant current was passed through a solution of AuCl 5 

ion between gold electrodes. After a period of 10.0 min 

the increase in the weight of cathode was 1.314 g. The 1 
total charge passed through solution is (atomic weight of 
AuCl,® = 339) 

(1) 1.16 x 10- F (2) 3.5 x 107 F 

(3)2x 10°F (4)4x 10°F 

A current of 3 A was passed for 1 hour through an electrolyte 
solution of A.B y in water. If 2.977 g of A (atomic weight 
106.4) was deposited at cathode and B was a monovalent 
ion, the formula of electrolyte was 


(1) AB, (2) AB (3) AB, (4) AB, 


Total charge required to convert three moles of Mn,0, © 
MnO? in presence of alkaline medium 

(1) 10 F (2) 20 F (3) 30 F (4) 40 F 

A current of 965 A is passed for 1 s through 1L solunon 
of 0.02 N NiSO, using Ni electrodes. What is the 2°" 
concentration of NiSO 4? 

(1)0.0IN (2)0.01M (3)0.002M (4)0.02M 

Which one is wrong if electrolysis of CH,COONa (24) ® 
made using Pt electrodes? 

(1) pH of solution increases. 

(2) Molar ratio of gases at anode and cathode is 3: l- 

(3) [CH,COO°] in solution decreases. 

(4) The molar ratio of gases at anode and cathode is 2:1: 

Select the wrong statement. ke 
(1) The electrolysis of molten CaH, liberates H, at catho 


, purit 
(2) During the discharge of lead storage battery, sulp 
acid is consumed. jon 
2a 
(3) Sulphur acts asa polymerizing agent in the vulcan? 
of rubber. 


(4) Galvanization of iron denotes coating with 2^- 


> 


n 


— 
~a 
_ 


178. 


179. 


183, 


18 


Ja 


(I) KC 1,0, (2) MnO, 
The weakest oxidizing agent among the following is 


Ch 


Select the correct statement. 


1) Faraday represents 96500 coulombs per second. 


( 
( 


(3) Coulomb represents 1/2 ampere for 1 second. 


7) Coulomb represents one ampere for 1/2 second. 


(4) Coulomb represents charge of one mole electron. 
The strongest oxidizing agent among the following is 
(3) KMnO, (4) Cl, 


(1) 0; (2) F, (3)KMnO, (4) Cl, 

romium plating 1s applied by electrolysis to objects 
suspended in a dichromate solution, according to the 
following (unbalanced) half reaction: 

Cr.0-2(aq) + e + H®(aq) — Cr(s) + H00) 


How many hours would it take to apply a chromium plating 
of thickness 2.0 * 10-* mm to a car bumper of surface area 
0.25 m° in an electrolysis cell carrying a current of 75.0A? 

[Density of chromium is 7.19 g cm™] 


22h @15h (8)3.0h (4025h 


= During the electrolysis of AgNO,, the volume of O, formed 


at STP due to passage of 2 A of current for 965 s is 
(1)0.112L (2) 0.224L (3)11.2L (4)22.4L 

The number of atoms of Ca that will be deposited from 
a solution of CaCl, by a current of 25 mA for 60 s will be 
(1) 4.68 x 108 (2) 4.68 x 10% 

(3) 4.68 x 10! (4) 2.34 x 10! 

During the electrolysis of aqueous solution of HCOOK, 
the number of gases obtained at cathode, anode, and total 
number of gases are 


(1) 1,2, 3 ATIE. 
G)2, 1,3 (4)2, 1,2 
. During the electrolysis of acidified water, O, gas is formed 


at the anode. To produce O, gas at the anode at the rate of 
0.224 mL per second at STP, the current passed is 


(1)0.224A (2)2.24A (3)9.64A (4) 3.86 A 


. Number of electrons lost during electrolysis of 0.355 g of 
CIF is (N, = Avogadro’s number) 
(1)0.0] (2)0.01N, (3)0.02N, (4) A 

. How many faradays are required to reduce one mole of 
MnO,” to Mn”? 
(1) 1 (2) 5 (3) 3 (4) 2 


Copper containing zinc as impurity is refined by electrolysis. 
The cathode and anode used are 


Cathode Anode 
(1) Pure copper Pure zinc 
(2) Pure zinc Pure copper 
(3) Pure copper Impure copper 


(4) Pure zinc Impure zinc 


- Which of the following reactions is/are possible at the 


anode? 


186. 


187. 


188. 


189. 


190. 


191. 


192. 


193. 


194, 
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(1) F, + 2e — 2F° 
(2) 2H® + 10, +2¢ — H,0 
(3) 2Cr* + 7H,0 —> Gor t 14H® + 6e 
(4) Fe — Fe" +e 


| The number of moles of Zn2* ions deposited when a 


current of 1.5 A is passed for 4 hours through a molten 
solution of a zinc salt. (Assume current efficiency to 


be 90%) 

(1) 6.35 (2) 0.1 (3) 0.4 (4) None of these 
Molten NaCI is electrolyzed in a cell called 

(1) Downs cell (2) Castner cell 

(3) Kellner cell (4) Hall cell 

A dilute aqueous solution of potassium fluoride is 
electrolyzed. The products at the anode and cathode are 
(1) O, and K (2) O, and F, 

(3) H, and F, (4) O, and H, 

If 0.224 L of H,(g) is formed at the cathode of one cell at 
STP, how much of Mg is formed at the cathode of the other 
electrolytic cell arranged in series? 

(1)0.24g (2)248 (3) 0.48 g (4)4.8g 

A certain amount of charge is passed through acidified H,O. 
A total of 168 mL of H, (g) and O,(g) were evolved at STP. 
What is the magnitude of charge passed during electrolysis? 
(1)1930C (2) 965C (3)482.5C (4)241.2 C 

| Lof 1 M CuSO, solution is electrolyzed using Pt cathode 
and Cu anode. After passing 2 F of electricity, the [Cu] 
will be 

(1)0 (2)M (3) M/2 (4) M4 

How many Faradays are required to reduce 1 mole of BrO,S 
to Bre? i 
(1)6 (2)5 (3)4 (4) 3 

Which of the following aqueous solutions remains neutral 
after electrolysis? 
(1)K,SO, (2) NaCl 
Same quantity of current is passed through molten NaCl 
and molten cryolite containing Al,O,. If 4.6 g of Na was 
liberated in one cell, the mass of Al liberated in the other 
cell is 


(3)AgNO, (4) CuSO, 


(1) 0.9 g QQ) 1.8¢ (3)2.7 g (H3.6g 
Two platinum electrodes were immersed in a solution of 


CuSO, and electric current was passed through the solution. 
After some time, it was found that the colour of CuSO 
disappeared with the evolution of O,(g) at the demne. 
Which statement is true regarding the resultant solution 
having pH = X? 

(1) [Cw?"] > [80,7] 
(3) [OH] > [H®] 


(2) [(Cu®] > [Cu?*] 
(4)7>X 


y +.\ 
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i at 1000°C to furnish AT m4 
195. Molten Al,O, 1s electrolyzed a TT a 
(atomic weight = 27 amu). How much elec y is 


to prepare 5. 12 kg of Al? 
(1) 5.49 x 10'° C 
(3) 5.49 x 107°C 


(2) 1.83 x 107C 
(4) 5.49 x 10” C 


Conductance, specific, equivalent and Molar Conductance 


196. The correct order of equivalent conductance at infinite 


dilution of LiCl, NaCl. and KCl is 
(2) KCI > NaCl > LiCl 


(1) LiCl > NaCl > KCI 

(3) NaCl > KCI > LiCl (4) LiCl > KCI > NaCl 
197. The ion which has the lowest ionic mobility is 

(1) Lif (2) Na® (3) K® (4) Rb® 


198. Fora 0.01 MCH.COOH solution, A,, = 7-8 Q"! cm? mol! 
if AS = 390 Q-! em? mol`. What is the degree of 
dissociation (a) of acetic acid? 

(1) 0.20 (2) 0.48 (3) 0.02 (4) 0.05 

199. The resistance of a 0.1 N solution of acetic acid is 2502 
when measured in a cell of cell constant 1.15 cm™!. The 
equivalent conductance (in ohm! cm? eq’) of 0.1 N acetic 
acid is 
(1) 46.0 (2) 9.2 (3) 18.4 (4) 2.3 

200. The equivalent conductances of Ba** and CI® are 63.5 ohm”! 
cm? eq"! and 76 ohm"! cm? eq”, respectively, at infinite 
dilution. The equivalent conductance (in ohm™! cm?) of 
BaCl at infinite dilution will be 


(1)139.5  (2)203.0 = (3) 279.0 


201. The equivalent conductance of any electrolyte MA at 
infinite dilution A? Ma ) is (more than one correct answer) 


+” + A° 


(4) 101.15 


o — Ao 
(1) Ama) = A° mc (NaA) (NaCl) 
o — O 
(2) A (MA) A (MCI) Ý A? Naa) 7 A? acl) 


2 = 39)0 10 


(4) A ma j 7 Amcn t Anaa ) T Amacı ) 
202. Which of the following ions has the highest ionic mobility? 


(I)Na®  (2)F°® — 6B)SO,} (4) OH 


203. Aba of BaCl, H,SO,, and HCI(aq) solutions are Xp X3, and 
X,, respectively. Aeg (BaSO,) iS 

(1) x, +x, -x, (2) x; = Xx, -x3 
GA t= 2x; (4) x, 2x, +X, 

204. Aa of BaCl, H,SO,, and HCI(ag) solutions are Xp Xp, and 
Xz, respectively. A? ipase 3) Is: 
(1) x, +x, -x (2) x, —x,-x, 
(3) x, t= 2x, (4) x, — 2x, + Xx, 

205. Which of the following statements is/are correct? 
I. van’t Hoff factor for 10-3 M CH,COOH is 39/35 


(A° n = 350 S cm? mol"! and k = 4 x 105 S em), 


I. IfA*,,0f KCI, LiCl, and KNO, are 150, 115, and gy 
cm2 mol-!, then that of LiNO, will be 110§ cm? Moj 
III. In general, with increase in concentration, the specit, 
conductance increases and reaches a maximum on 
then decreases with further increase in concentration 
(1) 1, IT, and II (2) I and II 
(3) Only I (4) Only II 
206. If x is the specific resistance of the solution and Nis 7 
normality of the solution, the equivalent conductivity ofthe 


solution is given by 


1000 1000M 
(1) 100 g= o= g2 
N Nx X 1000 
207. The units of conductivity of the solution are 
(1) ohm"! (2) ohms 
(3) ohm! cm! (4) ohm! eq"! 


208. According to Kohlrausch law, the limiting value of mol, 
conductivity of an electrolyte A,B is 


1 0 E 
(1) Aas) +A B9 (2) A” a8) — "sy 


(3) 22” A9) (4) 22 ne +2 a6, 


| ne 
a B) 
209. The values of Nea for NH,C1, NaOH, and NaCl are. 
respectively, 149.74, 248.1, and 126.4 ohm! cm? eq”. The 
value of ie NH,OH is 
(1) 371.44 
(2) 271.44 
(3) 71.44 
(4) It cannot be calculated from the data given 
210. The increase in the molar conductivity of HC] with dilunor 
is due to 
(1) Increase in the self ionization of water 
(2) Hydrolysis of HCl 
(3) Decrease in the self ionization of water 
(4) Decrease in the interionic forces 
211. Calculate the solubility product of Co [FA CN) in wale 
at 25°C. 
Given, conductivity of saturated solutions of C o, [FAC b 
is 2.06 x 10 Q`! cm! and that of water used © 
4.1 x 107 Q! cmt, The ionic molar conductivities © 
Co?* and [Fe(CN),]* are 86.0 Q em? mol” and 
444.0 Q! cm? mol !, respectively. 
(1) 7.87 x 10-17 (2) 7.87 x 10° 
(3) 7.87 x 1088 (4) 7.87 x 10°? 
212. The dissociation of a weak electrolyte obeys t 
action. It was found by 
(1) Ostwald 


(3) Berzelius 


he law of ™ 


(2) Arrhenius 
(4) None of these ati 
213. The increase in the value of molar conductivity a 
acid with dilution is due to 
(1) Decrease in interionic forces and increases I ʻ 


w 
— 
D 


PA 


>. 


216. 


217. 


218. 


219. 


22] 


(2 

(3) Inc 
(4) None of these 

The value of molar conductivity of HCI is greater than that 


rease in self ionization of water. 


afNaClat a particular temperature because 


(1) Molecular mass of HC! is less than that of NaCl 
(2) Velocity of H® ions is more than that of Na® ions. 
(3) HCI is strongly acidic 

(4) Ionization of HCI is larger than that of NaCl 


10800 C of electricity passed through the electrolyte 
deposited 2.977 g of metal with atomic mass 106.4 g mol. 
The charge on the metal cation is 

(1) +4 (2) +3 (3) +2 (4) +1 

The two Pt electrodes fitted in a conductance cell are 
1.5 cm apart while the cross-sectional area of each electrode 
is 0.75 cm. What is the cell constant? 


(1)1.125 (2)0.5cm (3)2.0 em! (4) 0.2 cm! 
For an electrolyte solution of 0.05 mol L-!, the conductivity 
has been found to be 0.0110 S cm. The molar conductivity 
is 

(1) 0.055 S cm? mol"! (2) 550 S cm? mol! 

(3) 0.22 S cm? mol! (4) 220 S cm? mol! 

If the specific conductance of 1 M H,SO, solution is 
26 x 102 S cm? mol"!, then the equivalent conductivity 
would be 

(1) 1.3 x 102S cm”! (2) 1.6 x 102S cm? 

(3) 13 S cm? mol! (4) 1.3 x 10? S cm? mol”! 

The highest electrical conductivity of the following aqueous 
solutions is of 

(1)0.1 M acetic acid 

(2) 0.1 M chloro acetic acid 

(3) 0.1 M fluoro acetic acid 

(4) 0.1 M difluoro acetic acid 


. Which of the following statements is wrong? 


(1) The conductance of 1 cm? of a material is called specific 
conductance. 

(2) Specific conductance increases while equivalent 
conductance decreases on progressive dilution. 

(3) The limiting equivalent conductances of weak 
electrolytes cannot be determined by the extrapolation 
of the plot of A against concentration. 


(4) The conductivity of metals is due to the movement of 


electrons. 


: Which of the following statements is correct? 


(1) Specific conductance of a solution decreases with 
dilution, whereas molar conductance increases with 
dilution, 

(2) Specific conductance of a solution increases with 
dilution, whereas molar conductance decreases with 
dilution. 


222. 


223. 


224. 


225. 


226. 


227. 


228. 
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) Increase in the degree of ionization and interionic forces. (3) Both specific conductance and molar conductance 


decrease with dilution. 
(4) Both specific conductance and molar conductance 
increase with dilution. 
For a dilute solution of a strong electrolyte, the variation of 
molar conductivity with concentration is given by 
(1)A,,=A°,, + Ac ZA = hk" -Ac 
(3)A,=A°, + Ave (Ap =A - AVE 
A cell constant is generally found by measuring the 
conductivity of aqueous solution of 
(1)BaCl, (2) KCI (3) NaCl (4) MgCl, 
A solution of sodium sulphate was electrolyzed using some 
inert electrode. The products at the electrodes are 
(1)0,,H, (2)0,,Na (3)0,,SO, (4) 0,,S,0,7 
The resistance of 1 N solution of acetic acid is 250 ohm, 
when measured in a cell of cell constant 1.15 cnr '. The 
equivalent conductance (in ohm"! cm? eq!) of 1 N acetic 
acid is 
(1) 4.6 (2y 92 (3) 18.4 (4) 0.023 
Given the ionic equivalent conductivities for the following ions: 
Aeq K® = 73.5 cm? ohm! eq! 
A eq Al+ = 149 cm? ohm! eq! 
A og SO,2-= 85.8 cm? ohm! eg” 
The At, for potash alum (K,SO,-Al,(SO,),-24H,O) is: 
(1) 215.92 (2) 348.3 (3) 368.2 (4) 108.52 


COO= | E 
Given the ionic conductance of ‘ a3 KŪ, and Na~ are 


74, 50, and 73 cm? ohm™! eq`!, respectively. The equivalent 


COONa 
conductance at infinite dilution of the salt | 1S 
COOK 
(2) 172 cm? ohm! eq”! 


(4) 160.5 cm? ohm! eq"! 


(1) 197 cm? ohm! eq! 
(3) 135.5 cm? ohm"! eq! 


The variation of equivalent conductance of strong electrolyte 
with /concentration is correctly shown in the figure 


(4) Aeq 
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229. 
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231. 


232. 


233. 


The electrical conductivity of a solution serves as a means of 
determining the end point in a chemical reaction, involved 
in the titration of acids, bases, or precipitation. Which of 
the following conductometric titrations represent the curve 
of HCl vs NH,OH 


x-axis > Volume of alkali added 


y-axis > Conductivity 


(4) 


End point 


End point | 
. 20 mL of KOH solution was titrated with 0.20 M H,SO, 


solution in a conductivity cell. The data obtained were 
plotted to give the graph shown below. 


100 
80 


Relative conductivity 


0 15 30 45 
Volume of acid added (mL) 
SS 


The concentration of the KOH solution was 
(1) 0.30 mol L~! (2) 0.15 mol L7! 
(3) 0.12 mol L~! (4) 0.075 mol L~! 


k=4.95 x 10° S cm”! fora 0.001 M solution. The reciprocal 


of the degree of dissociation of acetic acid, if A,, for acetic 
acid is 400 S cm~ mol”! is: 


(1)7 (2) 8 (3) 9 
What is the value of pK, (CH,COOY) if 


A? n= 390S cm! mol! and A,,=7.8S cm? mol! for 0.04M 
of CH,COOH at 25°C? 


(1) 9.3 (2)9.2 (3) 4.7 (4) 4.8 


In Hall’s process, in the production of Al, carbon is used as 
the anode material. The reactions are 


(1) Anode: Al?* + 3e —> A] 
Cathode: C(s) + 20* —> CO,(s) + 4e 
(2) Anode: C(s) + 202- —> CO,(g) + 4e 
Cathode: A+ + 3e — A] 
(3) Anode: Al — Ae3+ + e 
Cathode: CO, + 4e-_ C(s) + 202- 
(4) None of these 


(4) 10 
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235. 


236. 


237. 


238. 


239. 


240. 


241. 


234. CH,COOH is titrated with NaOH solution. Which oth | 


following statements is true? 


(1) Conductance decreases upto equivalence Point, 
which it increases. 

(2) Conductance increases upto equivalence point 
which it decreases. 


after 


’ after 


(3) Conductance first decreases (but not rapidly) an 
increases upto equivalence point and then inc 
rapidly after equivalence point. 


(4) None of these. 


d they 


In a Ni-Cd battery 

(1) All the reactants and products in the overall reaction 
are in the liquid state. 

(2) The voltage of the cell changes rapidly. 

(3) The electrolyte used is an alkali solution. 

(4) All of the above are true. 

Rusting of iron is 

(1) A decomposition process 

(2) A photochemical process 

(3) An electrochemical 

(4) A reduction process 

The cell reaction of a fuel cell is 

(1) 2H,0(1)—> 2H, (g) + O,(g) 

(2) 2H,(g) + O,(g) —> 2H,O(1) 

(3) CH,(g) + O,(g) —> CO,(g) + H,O(1) 

(4) C(s) + O,(g) —> CO,(g) 

The cathode reaction during the charging of a lead-acid 

battery leads to the 

(1) Formation of PbSO 4 

(2) Reduction of Pb2* to Pb 

(3) Formation of PbO, 

(4) Deposition of Pb at the anode 

Which of the following cells is rechargeable? 

(1) Lead storage cell 

(2) Ni-Cd cell 

(3) Edison cell (Iron-nickel cell) 

(4) All of these 

In a lead storage battery 

(1) Pb is oxidized to PbSO 4 at the anode 

(2) PbO, is reduced to PbSO , at the cathode 

(3) Both electrodes are immersed in the same 
solution of H,SO, 

(4) All of the above are true 


In the rusting of iron, which of the following cel 
occurs at the cathode? 


(1) Fe2* | Fe 
(3) Fe** | Fe2+ 


aque 


| reactio™ 


(2) O, | H,O 
(4) Fe | Fe** 


j. Which of the following reactions occurs at the anode duri ng 
the recharging of lead storage battery? 


(1) Pb + SO,’ -—> PbSO, + 2e- 
(2) Pb + PbO, + H,SO, — > 2PbSO, + 2H,O 
(3) pbSO, + 2e —— Pb + sO; 
(4) pbSO,+2H,0 —> Pb + PbO,+2H,SO,+2e 
tn H,-0; fuel cell, the reaction occurring at cathode is 
(1) 2H, + 0, —> 2H,0(1) 


w> 
A 
ted 


© 
@) 0, + 2H,0 + 4e —> 40H 
l 

@ 4 o- ae 
(QE re > > H, 
In which of the following will the corrosion of iron be most 
rapid? 
(1) In pure water 
(3) In air and moisture 


p~ 


144. 


(2) In pure oxygen 
(4) In air and saline water 
145, Rust is a mixture of 


(1) FeO and Fe(OH), (2) FeO and Fe(OH), 

(3) Fe,O, and Fe(OH), (4) Fe,O, and Fe(OH), 
46. Galvanized iron sheets are coated with 

(1)Copper (2) Nickel (3) Zinc (4) Carbon 
247, An example of a simple fuel cell is 

(1) Lead storage battery (2) Leclanche cell 

(3) HO, cell (4) All of these 


248. The rusting of iron takes place as follows 
2HE +2e- + 502 — H,0()); £°.= +1.23 V 


Fe” + 2e- —> Fe(s); E° = —0.44 V 
AG® for the net process is 
(1) -322 kJ mol! 
(3) -152 kJ mol"! 


249. The combustion of butane in O, at 1 bar and 298 K shows 
a decrease in free energy equal i 2.75 x 10° kJ mol! in a 
fuel cell. K and E® of the fuel cell are 


(1) 9.55 x 10482, 1.096 V (2) 9.55, 1.096 V 
(3) 1.023 x 109 2.85 V (4) 5.5 x 10484, 0.55 V 


(2) -161 kJ mol"! 
(4) -76 kJ mol”! 


30. The EMF of Ni-Cd battery is dependent of: 
(1) Cd(OH), (2) Ni(OH), 
(3) OH (4) None of these 
25] 


- The rusting of iron takes place as follows: 


2H® + 2e- + Z0, —+ H,O(\); E? = +1.23 V 


Fe2+ (aq) +%e- > Fe(s); EO = 0.44 V 


Calculate AG® for the net process. 
(1) -322 kJ mol! (2) -152 kJ mol"! 
(3) -76 kJ mol”! (4) -161 kJ mol”! 


Electrochemistry 3.99 


258. HNO, (aq) is titrated with NaOH( 


Miscellaneous 


252. Which of the following aqueous solution produces metal 


after electrolysis ? 
(1) K,Cr,0, 
(3) CH,COONa 


(2) KMnO, 
(4) CuCl, 


253. Ammonium perchlorate, NH,CIO,, used in the solid fuel 


in the booster rockets on the space shuttle, is prepared 
from sodium perchlorate, NaClO,, which is produced 
commercially by the electrolysis of a hot, stirred solution of 
sodium chloride. How many faradays are requred produce 
1.0 kg of sodium perchlorate ? 


NaCl + 4H,0 —» NaClO, + 4H, 


(1) 40.3 (2) 18.3 
(3) 31.6 (4) 65.3 


254. When a lead storage battry is charged it acts as : 


(1) A fuel cell 
(3) A galvanic cell 


(2) An electrolytic cell 
(4) A concentration cell 


255. Equivalent conductivity of Fe,(SO,), is related to molar 


conductivity by the expression : 
GLY Agn An (2) Ag A3 
(3) Az =3A (4) A, =A,/6 


256. The specific conductance of a saturated solution of silver 


bromide is: « Scm7!. The limiting ionic condictivity of Ag® 
and Br® ions are x and y, respectiely. The solubility of silver 
bromide in gL“! is: (molar mass of AgBr = 188) 


ag =m (2) x188 
x-y x+y 
1 = x+y 1000 
(3) KX1000x188 (4) x ee 
x+y K 188 


257. A graph was plotted between molar conductivity of various 


electrolytes (NaCl, HCl and NH,OH) and JC (in mol L~!). 
Correct set is: 


Molar conductivity 


Jc 


(1) (NaCl, (HCH), I1I(NH,OH) 
(2) (HCI), H(NaCh, MINH OH) 
(3) I(NH. (OH), Il(NaCl), NHC! 
(4) I(NH,OH), (HCD, MI(NaCl 


aq) conductometrically, 
graphical representation of the titration is: 


/\ 


Vol of NaOH 


(1) 


Conductance 
"~ 
N 
i 
Conductance 


Vol of NaOH 


3 
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(3) 


Conductance 
Conductance 


Vol of NaOH Vol of NaOH 


259. Which of the following plots will be obtained for a 


260. 


26 


ray 


262. 


263. 


. . . . . i ? 
conductometric titration of strong acid against a weak base 
2 È 
> 5 
(1) k- (2) $ r 
O O i 
Vol of alkaline Vol of alkaline 
solution solution 
> È 
> = 
E 5 
= bg =| 
3) = (4) £ 
je) A O 
Vol of alkaline Vol of alkaline 
solution solution 
Conductometric titration curve of a equimolar mixture ofa 


HCI and HCN with NaOH(aq) is: 


(2) 


Conductivity 
Conductivity 


OF 


Vol of alkaline 
solution 


Vol of alkaline 
solution 


2 © 
Z 2 
3| \ 7 E 
6) 2) Y (4) 2 
O ' ! O 
Vol of alkaline Vol of alkaline 
solution solution 


. A layer of chromium metal 0.25 mm thick is to be plated on 


an auto bumper with a total area of 0.32 m? from a solution 
containing Croz, ? What current flow is required for this 
electroplating if the bumper is to be plated in 60 s ? The 
density of chromium metal is 7.20 g/cm’. 

(1) 4.9%10°A (2) 1.78 x 10° A 

(3) 5.3 x 10 A (4) 10.69 x 104A 

Calculate the potential of a half cell having reaction: 

Ag S(s) + 2e === 2Ag(s) + S* (aq) in a solution 
buffered at pH = 3 and which is also saturated with 0.1 M 
H,S(aq): 

[Given: K,, (Ag,5) = 10%”, Ky» Ka = 10°] 

(1) 1.18 (2) 0.19 

(3) —0.19 V (4) None of these 

Equivalent conductivity of BaCl,, H,SO, and HCI, are x 
x, and x, Scm7! eq”! at infinite dilution. If conductivity of 
saturated BaSO, solution is x Scm"!, then K sp of BaSO, is: 


500x 0 10° x? 

(1) (x) +2 — 23) (x1 + x2 —2x3)° 
2.5x10°x" (4 0.2527 

@) bie (xj +2) -24) 


- (©) 
364. Zn(s) | Zn (CN); (0.5M), CN® (0.01) || Cu (NH, 2s 


265. 


266. 


267. 


(0.5M), NH;(1M) | Cu(s) 
2e 

Given: K of Zn(CN), = 10", K of Cu(NH3)3* = 19) | 

2.303RT 


p° = 0.76 V ; E cu*2Cu = 0.34 V, 


Zn|Zn = 0.06 


The emf of above cell is: 


(1) 1.22V (2) 1.10V 
(3) 0.98 V (4) None of these 


Variation of resistance with increase in cell constant gives 
graph of the type 
R 


(2) 
— | Cell constant 
a 
—> 


(1) . 


Resistance 
— y 


J —> 
—> 


(3) 


AgNO, (aq) was added to an aqueous KCI solution gradual" 
and the conductivity ofthe solution was measured. The pie 
of conductance A vs volume of AgNO,(aq) is: 


DANSIN A 
V 

In the electrochemical cell, 3Y 

Mg(s)| Mg?" (aq) || Zn?*(aq) | Zn(s); pot é 
2+4 fb 

Mg) will 
The correct plot of Ecell versus log l T 
represented as: i 


3. Predict which of the following reactions would proceed 


spontaneously at 298 K? 

| E (1) Co(s) + Fe**(aq) —> Co?*(aq) + Fe(s) 

ee EO 2c, = -0-28 V 
(2) Cd2*(aq) + Fe(s) —> Cd(s) + Fe?*(aq) 


2+ 
| log [Me -l E? ca2+ıca 7 0-4 V 
| [Zn*" ] (3) Cd(s) + Co?*(aq) —> Cd?*(aq) + Co(s) 
| En 2+ Fe = —0.44 V 


f (4) Zn?" (aq) + H, —> Zn(s) + 2H® 
Ecel E? cet EP, 2+ we —0.76 X 
(2) | 4. A gas X at 1 atm is bubbled through a solution containing 
a mixture of 1 M Y° and 1 M Z® at 25°C. If the reduction 


2+ 
jog MEI <a potential is Z > Y > X, then 
as (1) Y will oxidize X only 
(2) Y will oxidize Z only 
(3) Z will oxidize X and Y 
Fafo (4) Z will reduce both X and Y 
6) = 5. Which of the following changes will increase the EMF of 
[Mg?*] the cell 
log Za] BE Co(s) | CoCl,(M,) || HCM) || Œ, 2) Pt? 
(1) Increase the volume of CoCl, solution from 100 mL to 
200 mL. 
(2) Increase M, from 0.01 M to 0.50 M. 
. Feet (3) Increase the pressure of the H,(g) from 1.0 to 2.0 atm. 
@) (4) Increase M, from 0.01 M to 0.50 M. 
log [Me**] o 6. Given: 
[Zn] E® , © jag = 0-80 V, EO Met iMg 7-237 V; 


E ozi | Cu = 0.34 V, E? 452+ | Hg = 0.79 V 
Multiple Correct Answers Type ii] Which of the following statements is/are incorrect? 
Electrochemical Cell (1) AgNO, can be stored in copper vessel. 
1. Consider the following concentration cell: 
Zn(s) | Zn? (0.024 M) || Zn2* (0.480 M) | Zn(s) 


which of the following statements is/are correct? 


(1) The EMF of the cell at 25°C is nearly +0.039 V. 


(2) Cu(NO,), can be stored in magnesium vessel. 
(3) CuCl, can be stored in silver vessel. 
(4) HgCl, can be stored in copper vessel. 


7. 100 mL of buffer of 1 M NH,(aq) and 1 M NH, *(aq) are 
placed in two compartments of a voltaic cell separately. 


(2) The EMF of the cell at 25° C is nearly —0.039 V. : 
(3) 1¢ hat the [Zn2“] is reduced A current of 1.5 A is passed through both cells for 20 min. 
) If water is added in LHE, so t at the [Zn If only electrolysis of water takes place, then 
to 0.012 M, the cell voltage increases. (1) pH of LHE half cell will 
(4) If water is in LHE, so that the [Zn?*] is reduced ) pH o a a will increase 
to 0.012 M, the cell voltage decreases. (2) pH of RHE half cell will increase 
2. Given: (3) pH of both half cell will increase 
Oxidation: H,O, — O, + 2H? + 2e EO = -0.69 V; (4) pH of both half cell will decrease 
Ee = -2.87 V; 8. In the following electrochemical cell: 


2Fo —> F, + 2e 


Reduction: H,O, + 2H® + 2e —+ 2H,O #0= 1.77% Zn | Zn?' || H® | (H,) Pt 


21° —> I, + 2e EO = ~0.54 V; Eon = EO coy This will be when 
pie of the following statements ee correct? (1) [Zn2"] = [H®] = 1 M and p,, = 1 atm 
) H,O, behaves as an oxidant for I”. ed : 
(2) [Zn?"] = 0.01 M, [H®] = 0. = 
(2) H,O, behaves as a reductant for 1. i i gj Ce M, and Ph, latm 
(3) [Zn?*] = 1 M, [H®] = 0.1 M, and py, = 1 atm 


(3) H,O, behaves as an oxidant for F°. n 
(4) H,O, behaves as a reductant for F,. (4) None of the above 


E S. a ae 
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9, For the electro 


10. 


11. 


12. 


13. 


14. 


15. 


16. 


chemical cell, (M | M®) || (X° | X), 


E? m® IM) = 0.44 V, and EP x | x9) = —0.33 V. 


From this data, one can conclude that 
MFX =M? + X© is the spontaneous reaction 


(1) ! 
(2) Me + X©°—>M+X is the spontaneous reaction 
GE? a= 0.77 V 

(4) ES i =—),77V 


The EMF of the following cell: 

Cd(s) | CdC1,(0.10 M) | AgCl(s) | Ag(s) | 

is 0.6915 V at 0°C and 0.6753 V at 25°C. The AH of reaction 
in kJ at 25°C is 

(1) -176 (2) -234.7 (3) 123.5 (4) -167.6 

In which of the following cells, EMF is greater than EP 4? 
(1) Pt, H,(g) | H®(pH = 5) || HPPH = 3) | H,(g), Pt 

(2) Zn(s) | Zn?*(0.2 M) || Cu**(0.1 M) | Cu(s) 

(3) Cr(s) | Cr°*(0.1 M) || Cu?*(0.2 M) | Cu(s) 

(4) Pt, H,(g) | H® (pH = 4) || H®(pH = 6) | H,(g) | Pt 


IfA+B => C+D; K =K, and E® =a V 
2A+ 2B ——=2C + 2D; K. = kand B= bV 
then 


(l)a=b (2) K, =K,? (3)a=2b (4) b=a? 

Select the wrong relation(s). 

ay as=(&) x nF @ -as=(S} x nF 
OT Jp OT Jp 


02-2) 08-28 
OT Jp OT OT Jp T 


Select the correct statement(s) about NHE. 
(1) E? of NHE is arbitrarily assumed to be zero. 
(2) E° of NHE is equal to zero. 


(3) NHE refers as Pt, H, (g) H® (aq) at 25°C. 
lbar 


a=] 


(4) NHE is very susceptible to dissolved O., H,S, and all 
other reducing agents. 


In which of the following cells salt bridge is not needed? 
(1) Pb | PbSO,(s) | H,SO, | PbO,(s) | Pb 

(2) Cd | CdO(s) | KOH(aq) | NiO,(s) | Ni 

(3) Fe(s) | FeO(s) | KOH(aq), Ni,0,(s) | Ni 

(4) Zn | ZnSO, | CuSO, | Cu 


Select the correct statements if 9.65 A Current is passed for 
1 hour through the cell: 


“Ag | Ag® (1 M) || Cu% (1 M) | Cu. 


17. 


(1) Ag will oxidize to Ag® and new [Ag?] = 1.36 M 
(2) Ag® will reduce to Ag and new [Ag®] = 0.64 M 
(3) Cu** will reduce to Cu and new [Cu**] = 0.82 M 


(4) Cu will oxidize to Cu? and new [Cu?*] = 0.82 M. 


The temperature coefficient of the cell is 


OE ) 
the correct statement(s). E m Choose 


18. 


19. 


20. 


21. 


22. 


2 


ed 


OE) _ =— nF 
(1) When 2) 0, then AH E 
OE rl > 
(2) When (2), < 0, then | nFE |> | AH | 
(3) When (=) > 0, then | nF | <| AH | Bxothen, 
OT /p mig 
reaction 
(4) When (=) = (0, then | AH | >| nFE | Endotherm: | 
AT Jp Tic 
reaction 


Which of the following statements is/are correct? 

(1) F, is the strongest oxidizing agent. 

(2) Li is the strongest reducing agent. 

(3) Li® is the weakest oxidizing agent. 

(4) F, has a highest reduction potential. 

For I, + 2e° —> 21°, standard reduction potentia 

= +0.54 V. For 2Br° —> Br, + 2e, standard Oxidation 

potential = —1.09 V. For Fe —> Fe** + 2e, standard 

oxidation potential = +0.44 V. Which of the following 

reactions is(are) spontaneous? 

(1) Br, + 219 —> BO I, 

(2) Fe + Br, —> Fe** + 2Br° 

(3) Fe + bh — > Fe?* + 21° 

(4) L + 2Br° —> 21° + Br, 

Consider the cell: 

Pt | H,(p, atm) | H” (x, M) || H® (x, M) | H, (p, atm) Pt 

The cell reaction be spontaneous if 

(1) p, =p, and xX >X 

(2) p, =p, and x, <x, 

(3) x; =x, and p, >p, 

(4) x, =x, and p, <p, 

Which of the following changes will cause the free eners! 

of a cell reaction to decrease? 

Zn | ZnSO,(aq) (x, M) || HCl(aq) (x, M)/H,(g). Pt 

(1) Increase in the volume of HCI solution from 100 ml © 
200 mL 

(2) Increase in the pressure of hydrogen from | atm (0 2am 

(3) Increase in molarity x, from 0.1 to 1 M 

(4) Decrease in molarity x, from 1 M to 0.1 M 


: : 3 . acd 
During the working of a galvanic cell and with the p3 i 
of time 


e 


Sh ses 
(1) Spontaneity of the cell reaction decreases, E ell decre? 


(2) Reaction quotient Q decreases, E ell increases 
(3) Reaction quotient Q increases, Æ „ decreases 


ell 
(4) At equilibrium, Q= Ko Ecc = 0 


- In the following electrochemical cell: 


Pt | H} atm) | H® (pH = y) || Zn2*(z M) | Zn 
E9 = Eep: This will be possible when 


a T = [H®] = 1 M and py, = ! atm 
2+) = 0.01 M, [H®] = 0.1 M, and p,, = 1 atm 


(2) [20 
(3) [Zn] = 1 M, [H®] = 0.1 M, and Py, = 0.01 atm 
(4) [Zn] = [HE] = 0.1 M and Pu, = 0.1 atm 


Consider the cell: 

cd(s) | cd% (1.0 M) || Cu% (1.0 M) | Cu(s) 

fwe wish to make a cell with a more positive voltage using 
the same substances, We should 

(1) Increase both [Cd?*] and [Cu**] to 2.0 M 

(2) Decrease the [Cd?"] to 0.1 M 


Ww 
ban 


(3) Increase the [Cu?] to 2.0 M 

(4) Decrease both the [Cd2*] and [Cu%] to 0.01 M 
, Consider the following concentration cell: 

zals) |Z?" (0.024 M) || Zn?* (0.480 M) | Zn(s) 


Which of the following statements is(are) correct? 


t 
LP A 


(1) The EME of the cell at 25°C is nearly 0.038 V. 
(2) The EME of the cell at 25°C is nearly —0.038 V. 


(3) If water is added in LHE, so that the [Zn**] is reduced 
to 0.012 M, the cell voltage increases. 


(4) If water is added in LHE., so that the [Zn**] is reduced 
to 0.012 M, the cell voltage remains same. 


6. Given: H,O,— 0, + 2H® + 2e E® =-0.69 V 
H,O, + 2H® + 2e —> 2H,0 E°=1.77V 
Jo —> I, + 2e E° =-0.535 V 
Which of the following statements is(are) correct? 
(1) H,O, behaves as an oxidant for LR: 
(2) H,O, behaves as an reductant for LAF. 
(3) I°/L, behaves as an reductant for H,O}. 


(4) None of these is correct. 
27. Given: 


A” + 2e ——> A(s) E° = 0.08 V 
Be + e —> B(s) EO = —0.64 V 
X (g) + 2e —> 2X9 E = 1.03 V 


Which of the following statements is/are correct? 

(1) X (g) will oxidize both (A) and (B). 

(2) A” will oxidize B. 

(3) The reaction 
2X® (1.0 M) + A2*(1.0 M) —> X,(1 atm) + A(s) 
will be spontaneous. 

(4) The oxidizing power of A2*, B®, and X, (g) is in the order 
X, > A% > B®, 

Electrolysis 


2 , 
Peroxodisulphate salts (e.g., Na,S,O,) are strong oxidizing 
sents used as bleaching agents for fats, oils, etc. 
Given: 
oe 4H°(aq) + 4e —> 2H,0(1) E° = 1.23 V 
i (aq) + 2 —> 250, (aq) E2 =2.01V 
ich of the following statements is(are) correct? 


Electrochemistry 3.103 


(1) Oxygen gas can oxidize sulphate ion to per-ox0 


29. 


30. 


31. 


32. 


33. 


34. 


35. 


disulphate ion (S,O,7 ) in acidic solution. 
(2) O,(g) is reduced to water. 
(3) Water is oxidized to O,. 
(4) SO,” ions are reduced to SO,” ions. 
A current is passed through 500 mL of an aqueous solution 


of Cal,. After sometime, it is observed that 50 millimoles 
of L have been formed. Which of the following statements 


is(are) correct? 

(1) The number of faradays of charge passed through the 
solution is 0.10 F. 

(2) The volume of dry H, at STP that has been formed during 
electrolysis is 1120 mL. 

(3) The pH of the solution is nearly 0.7. 

(4) The mass of calcium produced 1s 2.0 g. 

During the electrolysis of aqueous zinc nitrate 

(1) Zinc plates out at the cathode 

(2) Zinc plates out at the anode 

(3) Hydrogen gas H, is evolved at the anode 

(4) Oxygen gas O, is evolved at the anode 

During electrolysis, O,(g) is evolved at anode in 

(1) Dilute H,SO, with Pt electrode 

(2) Aqueous AgNO, with Pt electrode 

(3) Dilute H,SO, with Cu electrode 

(4) Fused NaOH with an Fe cathode and Ni anode 

During electrolysis of aqueous CuBr, using Pt electrode. 

(1) Br,(g) is evolved at anode 

(2) Cu(s) is deposited at cathode 

(3) Br,(g) is evolved at anode and H,(g) at cathode 

(4) H,(g) is evolved at anode 

A current of 2.68 A is passed for 1.0 hour through an aqueous 

solution of CuSO, using copper electrodes. 

Which of the following statements is/are correct? 

(1) Increase in the mass of cathode = 3.174 g 

(2) Decrease in the mass of anode = 3.174 g 

(3) No change in the mass of electrodes 

(4) The ratio between the change in the mass of cathode to 
anode is 1 : 2 

When 4.0 A of current is passed through a 1.0 L, 0.10 M 

Fe?*(aq) solution for 1.0 hour, it is partly reduced to Fe(s) 

and partly of Fe2*(aq). The correct statement(s) is(are): 

(1) 0.10 mol o f electrons are required to convert all Fe** to 
Fe". 

(2) 0.025 mol of Fe(s) will be deposited. 

(3) 0,075 mol of iron remains as Fe?*. 

(4) 0.050 mol of iron remains as Fe?”. 

Electrolysis 0 f aqueous solutions of which of the following 

substances results in only the decomposition of water? 

(1) Potassium chloride (2) Zinc sulphate 

(3) Potassium hydroxide (4) Sodium phosphate 


Lo~ 
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i i olyzed using 
36. When an aqueous solution of CaCl, is electroly 


(2) As an electrolytic solution is diluted, its con duc 


Ace 
ivalent conductance, and molar cond ; 
inert electrodes, which of the following is(are) true? ne K "tang 
iner ; 
(2) Calcium deposits on anode conductance at infinite dilution for both weak and tong 
ine is liberated on anode trolytes. 
(3) Chlorine is liberate 5 7 n electroly 
(4) Calcium hydroxide precipitates near cathode o (4) Kohlrausch’s law may _ be applied at any 
rolonged hydrolysis centration of the electrolyte. 
i i 5 mol of electrons through CuSO, and — ival d l 
37. On passing 0.5 mol of è cade heehee 43. For a strong electrolyte, equivalent conductance INCrease. 
Hg,(NO,), solutions in series using inert ele slowly with dilution and can be expressed by the relationship 
1) 0.5 mol of Cu is deposited 
(1) : ted A [=A an Avec 
(2) 0.5 mol of Hg is deposite m 


(3) 0.125 mol of O, is produced 
(4) 0.5 mol of O, is produced 
38. Which ofthe following statements is/are correct? 44 


(1) The electrolysis of concentrated H,SO, at 0-S°C using 
a Pt electrode produces H,S,Og. 


Which electrolyte(s) have same value of A? 

(1) NaCl (2) CaCl, (3) ZnCl, (4) M850, 
. Identify the correct statement(s): 

(1) A,, increases with increase in temperature. 

(2) A,, decreases with increase in concentration, 


(2) The electrolysis of a brine solution produces NaClO, (3) Specific conductance increase with increase jp 


and NaClO: concent anc 1 a | 

(3) The electrolysis of a CuSO, solution using Pt electrodes (4) a i aa ecreases with increase in 

rma te neice 45. To observe the effect of concentration on the conductivity, 

(4) All elecinéivae reactions are redox reactions. ee eee peie 

39. If same quantity of electricity is passed through three ms strong electrolyte, e.g., NaCl. into diiis 

a cells containing FeSO,, Fe,(SO,),, and the concentration of respective electrolyte is increased and 
e(NO.)., then an 
aa SS of iron deposited in F eSO, and Fe,(SO,), Ae contactiviy observed: 


are equal (1) In A conductivity increases, in B conductivity decrease 
e equal. 


(2) The amount of iron deposited in FeSO, is 1.5 times of (2) In A conductivity decreases while, in B conducuvin 


the amount of iron deposited in Fe(NO,), decrease o 
(3) The amount of iron deposited in Fe,(SO,), and Fe(N O;), (3) In both A and B conductivity increases 
are equal. 


(4) In both A and B conductivity decreases 
(4) The same amount of gas is evolved in all three cases of 


Commercial cell and corrosion 
the anode. . 
, , , , , 46. Iron can be prevented from rusting by 
40. Which of the following aqueous solutions remain alkaline o. ala case 
after electrolysis? (1) Connecting iron to more electropositive met 
l f cathodic protection. 
(1) CH,COONa (2) KNO, ian a Perc eee 
(3) NaCl (4) LiF (2) Connecting iron to more electropositive met: 


. 4 of anodic protection. 
41. A solution containing Na®, NO,°, Cl°, and SO,” ions, all 


at unit concentrations, is electrolyzed between nickel anode 
and platinum cathode. As the Current is 
cell 


(3) Connecting iron to less electropositive metal—a cas? ol 
passed through the anodic protection. od 

(4) Connecting iron to less electropositive metal—a © 
(1) pH of the cathode increases cathodic protection. 


5 10 
7 sohere of; oP corrodes 
(2) Oxygen is the major product st anode 47. = atmosphere of industrial smog, copper 
3) Nickel is deposited at cz > i 
ji E j a e at cathode (1) Basic copper carbonate 
(4) Chlorine is the major product at anode (2) Copper sulphide 
(3) Basic copper sulphate 
(4) Copper oxide 


que 
s du 
ytic cell is measured as a8, — tarnishing of silver ornaments in atmosp 
o 


Conductance, specific, equivalent and molar conductance 


42. Which of the following statements is/are correct? 
(1) The cell constant of an electrol 
the product: xR rather using l/a 


SO 
(1)Ag,0  (2)Ag,S (3) Ag,cO, (A85 


a 


a Rusting of iron is catalyzed, by 


ý (1) H® (2) Dissolved CO, in water 
(3) O (4) Impurities present in Fe 

0 pirig discharging of a lead storage battery 

4 i © 


(1) The reaction at anode is Pb —> Pb?" + 2e 
(2) The reaction taking place at cathode is 
pbt + 2e —> Pb 
(3) The overall reaction is 
Pb + PbO, + 4H® + 2S0, —> 2PbSO, + 2H,O 
(4) The reaction taking place at cathode is 
PbO, + 4H® + 2e —> Pb“ + 2H.O 
z]. Which of the following cells is/are rechargeable or secondary 
cell(s)? 
(1) Ni-Cd cell (2) Mercury cell 
(3) Lead storage cell (4) Lithium battery 
=), Which of the following statements regarding rusting of iron 
is are correct? 
(1) It takes place in moist air. 
(2) It is stopped in CO, atmosphere. 
(3) It produces Fe (III) oxide. 
(4) It is an electrochemical process. 
53. Which of the following statements is/are incorrect? 
(1) Rust is Fe,O,. 
(2) Zn-Cu cell is called Daniell cell. 
(3) Saline water slows down rusting. 
(4) Pure metals undergo corrosion faster than impure metals. 


Miscellaneous 
54. The oxidation potential of hydrogen half-cell will be 
negative if: 
(1) p(H,) = 1 atm and [H®] = 1M 
(2) p(H.,) = | atm and [H®] =2 M 
(3) KH) = 0.2 atm and [H®] = 1M 
4) p(H,) = 0.2 atm and [HP] = 0.2 M 


Us E ` , 5 
Which of the following arrangement will produce oxygen 
al anode during electrolysis ? 


(1) Dilute H,SO, with Pt electrodes 

(2) Fused NaOH with inert electrodes 

O) Dilute H,SO, with Cu electrodes 

(4) Concentrated ag. NaC] with Pt electrodes 
Which of the following are concentration cells ? 
(D Pt] H,(g) | HCI | Hg) | Pt 


J P, 
(2) Cd, (Hg) | Ca? | (Hg), Cd 
a, (c) a, 


©) Zn(s) | Zn?* || Cu?* |Cu 
cl c 


58. 


59. 


60. 


6l. 
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(4) Ag | AgCI | CI® (aq) || Br? (aq) | AgBr | Ag 
c| C4 


In electrolyte concentration cell : 
(1) The electrode material and the solution in both half- 
cells are composed of the same substances 


(2) Only the concentration of solutions of the same 
substances is different 


(3) Be colt =0 

(4) The Nernst equaton reduces of 
a 0.0591 oz 
| Jig Q at 25°C 


Which is/are correct statement ? 

(1) No corrosion takes place in vacuum 

(2) Corrosion is protected by electroplating 

(3) During rusting Fe,O,. xH,O is formed 

(4) In presence of electrolyte, corrosion takes place with 
greater rate 


1000 mL 1M CuSO, (aq) is electrolysed by 9.65 A current 
for 100 sec using Pt-electrode. Which is/are correct 


statement? 
(1) Blue colour intensity decreases during electrolysis. 


(2) Blue colour intensity remains constant if Cu-electrode 
is used. 


(3) pH of solution is 8 after electrolysis. 

(4) 28 mL of CH, at 1 atm and 273 K required for its 
combustion by O,. liberated during electrolysis. 

An ion travels 0.4 cm in | minute under the influence of 

2 volt potential difference when electrodes are 3 cm apart. 

Which one are correct ? 

(1) Speed of ion = 6.67 x 10° cms"! 

(2) Ionic mobility = 1 x 10 m? volt"! sce! 

(3) Ionic mobility = 1.0 x 10° em? volt"! see! 

(4) Ionic mobility = 4.44 x 10° em? volt! see! 

Which of the following graph incorrectly represents the 


variation of molar conductance (A) with dilution for a 


strong electrolyte ? 


(1) An \ 


(2) Mee 
= / 


| 


(4) An 


Dilution —> 


Dilution —» 


Dilution —» Dilution —» 


3.106 


63. 


Physical Chemistry SE 


á p re ` | t t C anc 
st / ~ > | — n my f tl 


following : 
(1) Both l and I are for stt 
(2) Both l and Il are for weak electrolyte 
ng electrolyte and II for weak electrolyte 


‘ong electrolyte 


(3) Lis for stro 
(4) I is for weak electrolyte and II for strong electrolyte 


The electrode potential of a glass electrode does not 


depend upon: 
(1) Concentration of chloride ions 


(2) Concentration of hydrogen ions 
(3) Concentration of KCI solution 


(4) All of these 


. A sample of water has a hardness expressed as 77.5 ppm 


Ca?*. This sample is passed through an ion exchange 
column and the Ca? is replaced by H® Select the correct 


statement(s) 
(1) pH of the water after it has been so treated is 2.4 


(2) Every Ca?” ion is replaced by one H® ion 
(3) Every Ca% ion is replaced by two H® ions 


(4) pH of the solution remains unchanged 


. In the electrolysis of a 40-L CuSO , solution, there are two 


possible reactions at anode: 

Li Cu—> Cu” +2e 

ii. 2H,O —> 4H® + 4e + O, 

A current of 1.07 A is passed for 2 hours. The loss in the 

mass of Cu at anode was 1.27 g. 

(Atomic weight of Cu = 63.5 g mol”). 

Which of the following statement( s) is/are correct? 

(1) 0.08 mol of electrons are passed through the solution 
during entire electrolysis, 

(2) 224 mL of O,(g) is liberated at STP at anode. 


(3) Fraction of current in the production of Cu! 
= 0,5. 


(4) pH drops to 3. 


ions 


Linked Comprehension Type Ill 


Paragraph 1 


NaOH at 30°C, so 


O aaa 


———— ov tC<C~=Ci‘<CSCS 
Given Bence ret = 08° 


= 107, and Kap Fe(OH), 
ial of Fe** | Fe2+ 


= 10°19 


Ky Fe(OH); 


1. Calculate the redox potent electrode at 
H=2 
1) 08 Y 2)05V GB)02V (oiy 


The redox potential of Fe?" | Fe?* electrode at pH = hig 
| (1) 0.8 V (2) 0.5 V (3) 0.2 V (4) 0.1 y 
3. The redox potential of Fe?* | Fe?" electrode at pH = 6 i 
(1) 0.8 V (2) 0.5 V (3)0.2 V (4) 0.1 y 


nr 


Paragraph 2 | 
4. Calculate A .G° of the reaction: 


Ag®(aq) + Cl°(aq) —> AgCl(s) 
as -| 
Given: A,G° AgCl” —109 kJ mol 
el 
AG? c19) = —129 kJ mol 
= -| 
A,G°, Ag®) 7 ~77 kJ mol 


(1) -97 kJ mol" (2) -57 kJ mol! 

(3) 57 kJ mol! (4) 97 kJ mot! 
5. EO „y of the reaction above in Q. 4. is 

(1) 0.59 V (2) 0.59 V 

(3) 0.295 V (4) -0.295 V 


6. K,, of AgCl is 
(1) 10-9 (2) 10-14 (3) 10-7! (4) 10” 
7. 6.537 x 10% g of metallic Zn was added to 100 ml of 
[Zn] 


saturated solution of AgCl. Calculate log noe 


Given: E°, .@ Iag 7 0-80 V, E°7,.2+) za = 0.763 V. 

K p of AgCI = 107!°; atomic weight of Zn = 65.37 

(1) 26.5 (2) 13.24 (3) 53 (4) 106 

8. Calculate the number of moles of Ag formed above n 

Q7. 

(1) 104 (2) 105 (3) 10% (4) 107 
Paragraph 3 
Fuel cells: Fuel cells are galvanic cells in which the chemici! 
energy of fuel is directly converted into electrical energy. A Y 
of fuel cell is a hydrogen-oxygen fuel cell. It consists ot j 
electrodes made up of two porous graphite impregnated wi 
a catalyst (platinum, silver, or metal oxide). The electrodes ‘ 
placed in aqueous solution of NaOH. Oxygen and hydroge” š 
continuously fed into the cell. Hydrogen gets oxidized to pes 


ts neutralized by OH , i.e., anodic reaction. 


i H, aan 2H® + 2e7 
2H® + 20H — 
U 


At cathode, O, gets reduced to OH 


> 


a © l 
0, +2H,0 * 4e = 40H 


TI e ` aoe — N 
r < pe net reaction IS 2H, + O, == 2H,0 
penet 


overall reaction has | 
a 985.6 k] mol! and AG = -237.4 kT mot! at 25°C 
{= — 0): A 


` ne cell voltage is 1.23 V for the H,—O, fuel cell and for 
a, Hine 


“the half cell: 
0, +2H,0* ad Qo. 
"ES for H.O + 2e° ==> H, + 20H will be 
on one) 
+ av Q)083V @)-O41V -083V 
(1)0. 


ynat is the value of AS© for the fuel cell at 25°C? 
What ts -] 
i -1601K (2) -160 J K | 

x) 160 1K" (4) 1600 J K- 

` pose the concentration of hydroxide ion in the cell is 
j am then the cell voltage will be 

(1) Reduced by half 

(2) Increased by a factor of 2 

(3) Increased by a factor of 4 

(4) Unchanged 
12. A fuel cell is 

I Avoltaic cell in which continuous supply of fuels are 

sent at anode to perform oxidation. 
II. Avoltaic cell in which fuels such as : CH,, H,, and CO 


are used up at anode. 
II. One which involves the reaction of H,-O, fuel cell such 


as: 
Anode: 2H, + 40H —> 4H,O(I) + 4e- 
© 
Cathode: O, + 2H,O(I) + 4e —> 40H 
IV. The efficiency of H,—O, fuel cell is 70 to 75%. 


— 40H has E© = 0.40 V, 


2 


Lm (2) I, M, IV 
(3) L IL OLIV (4) I, IL, MI 
aragraph 4 


‘lL as shown below, consists of three compartments separated 

Pa pots. The first contains a cobalt electrode in 5.0 L of 0.10 

CANO,),; the second contains 5.0 L of 0.10 M KNO;; the third 

“ams an Ag electrode in 5.0 L of 0.10 M AgNO,. Assuming 

Pa with in the cell is carried equally by the negative and 
“WE ions by passing 0.1 F of electricity. 


[ 
0.10 M NO7 '0.10 M NOF 


| 
0.10MK? !0.10 MAg? 
| 


; II Il 


Compartment compartment compartment 
5.0L 5.0L 
Given: Co? + 26° 5 Co E® = -0.28 V 


15. 


16. 


17. 


18. 


19. 


-Matrix Match Type _ 
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Ag? + e — Ag oe 
2Ag® + Co— Cott +2Ag Dea 1.0 
. Finally, the I compartment contains o 
I. Co?! INO, TI. K? IV. Ag 
(1)1 (2)1, H 


(3)1, 1, HI (4) 1, MI, IV 


. Finally, the II compartment contains 


(2) 1, 


(1) 1 
(4) T1, II, IV 


(31, 
Finally the III compartment contains 

(I) I (2)1, 0 

(3) 1,1, HI (4) I, II, IV | 
The final concentration of Co?" in I, II, and [If compartment 1s 
(1) 0.105 , 0.005 , 0.0 M (2) 0.005 , 0.105 ,0.0M 

(3) 0.105 , 0.0, 0.005M (4) 0.0, 0.005, 0.105 M | 
The final concentration of NO,° in 1, IL, and III compartment 1s 
(1) 0.100 , 0.210, 0.0900M_ (2) 0.210, 0.100 , 0.0900 M 
(3) 0.0900 , 0.210, 0.100M_ (4) 0.0900, 0.100 , 0.210 M 
The final concentration of K® in I, II, and II compartment is 


(1) 0.090 ,0.0,0.0100M = (2) 0.0 , 0.0100 , 0.090 M 
(3) 0.0,0.090,0.0100M (4) 0.100 , 0.090 , 0.0 M . 
The final concentration of Ag® in I, II, and II compartment 1s 
(1) 0.0 , 0.0 , 0.08 M (2) 0.0 , 0.08, 0.0 M 

(3) 0.08, 0.0, 0.0 M (4) 0.0 M in all compartments 


This section contains questions each with two columns—I and II. 
Match the items given in column I with that in column II. 


c€. | Equivalent conductance | r, 


d.| Specific conductance S. 


e. | Conductance 


f. | Resistance 


Column i | [Column E | 
| Electric unit | 
a. Volt-ampere and | p. Coulomb 
joule second! | | 
b. Ampere-second and o | q.] Ohm 
joule volt"! | 
c. | Volt ampere! and | r. [Volt 
joule ampere? second! | 
d. Joule ampere! second! | s.| Watt l 
e. | Watt ampere”! ohm! | t. | Ampere | 
Column I Column I 
Properties ie. ee fuss 
a.| Cell constant p. Q yee 
b.| Molar conductance q. | em! or al i 


S cm? mol! 


a 
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Column II 


Column I 


| Electrolyte 
| p. KOH solution 


Name of cell/battery 


a.| Mercury cell 


+ ZnC] 


(touching anode) | 
b.| Lead storage battery q. HgO +KOH (moist) e. | Ni-Cd storage cell t. on aqua | 
——- on TTo soluti 
c.| Dry cell r. 38% H,SO, T | 
a | mmr BEZI 
p oan _— : — ~ tia 
| (Concentration of cell at 30°C (Take 2.303 RT/F = 0.06) ee ee | 
a. Pt | H,(g)(1 atm) | CH,COOK (10°! M) + CH,COOH (107M) pK cn,coon = 474 | P-| ~ 9.03 V ig 
| (NH,),SO,(0.2 M) + NH,OH (0.2M) pK, niyon ~ 4-74 | Hed anny) | E oe SUE ae E 
b. Cu(s) | Cu?*(1 M) || Cu?*(0.1 M) | Cu(s) q.! 0.2178 V E 
c. Pt | CL,(g) (1 atm) | CI®(10°? M) || CI®(10> M) | Cl,(g) (2 atm)| Pt r. | -0.1932 V 
d. Pt|H,(g) (1 atm) | NH,OH(10~ M) PK, = 4.74 || CH,COONH, pK, CH,COOH 
= 4.74 pK, NH,OH = 4.74 | H,(g) (1 atm) | Pt s.| 01V 
a ee a a > a E f 
e. Glass electrode || Buffer solution pH = 6 | Standard calomel electrode | 
Given: E cp = 0.24 V; Ee =0.5V t. | 0.069 V 
| ae ae 

S; ' Column I | Column II 
` | Electrolysis | pH and products 
a | | at anode and cathode 

. . Ei 
a. Electrolysis of 100 L aqueous solution of CH,COOK by Pp. pH=12.3 
passing 2 F of electricity Anode = Ethane(g) + CO,(g 
Cathode = H,(g) 
7 — F 
b. Electrolysis of 10 L aqueous solution of HCOOK by passing | q.) pH=13.0 
1 F of electricity. | Anode = H, (g)+ CO, (g) 
Cathode = H,(g) 
c. Electrolysis of 10 L aqueous solution of K,SO, by passing r. pH = 7.0 
1 F of electricity. Anode = O,(g) 
a o | Cathode = H, (g) l o 
d. Electrolysis of 10 L aqueous solution of CuF, by passing | s. pH = 1.0 
l F of electricity Anode = O,(g) 
o o | Cathode = Cu(g) 

6. (Wien , = —— 
AE tees a Pt aii Column u ip © Es ae tal 
|_| cal and EMF : Characteristics i 

G 7 T . ne KN i 
a Pt H(I atm) | H® (10° M) || H® (104 M) | H, (1 atm)| Pt |p. Spontaneous 
| lE |= 0.177 V 
| | pe P 5) -2 70 K ` nanmam 
De Pt F3(8) (1 atm) | F (102 M) || F910 3 M) | F(g) (2 atm) | Pt q. | Non-spontaneous 
|E e1 | = 0.699 V 
pp Ean p 
| ‘ n . n : ‘ 4 tigi 
c. Hg, He,Ch(s) | KCI (saturated solution) || H®(pH = 10) | Q, QH, | Pt r. Exergonic 
[E24 |= 0.13, Esce = 0.24 
Eo, HQ = 9.7 V p 
d.| Q +2H® (pH =2)+2¢__, = -mmm 
E = p nee HQ(s) S. Endergonic 
cell 0.7 V, lE sen | = 0.582 V pe 
= SS eet — D SE 


il 
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10 7 to Q.10: Answer the question given below by appropriately matching the information given in three column of the following 


se 


_ ene ee wn oC we. nh oe CRETE a 
Co Compounds and their ionic equivalent and molar conductivities 


j E ay RA — a — \ ta a 
~~ Jonic equivalent conductivities Ionic molar conductivities Peper: Ee ETE 
(S cm? Eq") (S cm? mol) À, of compound Ag of compound 
een eres, 6 cm? Eq") (S cm? mol’) _ 
K > Al’: and SO 2—-=—y»! 4, t 

po otash alum: x', y' andz ye 

? xe, Al? and SO,” =x, y, and z respectively i z + 2 +z ) i ald 
spectively = | a a a 

b sodium potassium oxalate: | K®, Na® and €,0,>- =", P, and z' q | (2x! +2y' + 42’) “4 
Ke, Na® and C,0O47 =X, V, and z respectively ( Per A | 
respectiv ely 


—— 
Mohr’ s salt: so, , NH, ® and Fe”? 


=x', y', and z' 


mi n a L m ‘ ———— 


le | (4x +y + 22’) 
70> NH E and Fe*? = x, y, and z respectively (z piep z) | 
respectively |- | 2 2 | 
j Pseudo alum: SO,?, Fe*? and Al’? = x’, y' and z’ | | 


50,2" _Fe+? and Al*? = x, y, and z respectively 
respectiv: ely 


5 p [s Qx +y +72) 
J 


=, For potash alum, the correct combination is: 
(1) a-i#-q (2) a—ili—p 
(3) a—iv—s (4) a—ii—r 
8. For sodium potassium oxalate, the correct combination is: 
(1)b—=—q (2) b—iii—p 
(3) b—1v—s (4) b—ii—r 
©. For Mohr’s salt, the correct relation between A, and A, 


_— value in p 

(1) Value in (11) = aoa 
aes 

(2) Value in (iv) = (sees = a ) 


(3) Value in (ii) = (meine) 


(4) Value in (iv) = (meins) 


4 


o o 
l0. For pseudo alum, the correct relation between A. and Ap 


(1) Value in (it) = (soe P) 


(2) Value in (ív) = [vient value in r 


(3) Value in (ii) = Crue = P) 
(4) Value in (iv) = ) 


(mir inr 


Numerical Value Type | 


1. What is the total score for the correct statement(s) from the 
following? 


ap Statement _ Score | 
A stronger oxidizing agent has lower -+ 
oxidation potential. 


b. | Solution of aqueous AgNO, cannot be l 
stored in Zn vessel. 

le | In a concentration cell made up of Ag 3 

electrodes, the one having [Ag®] will 


| behave as cathode. 


d. [Cu2*] will remain constant during 2 
electrolysis of aqueous CuSO, solution 

with Pt electrode as anode and Cu electrode 

as Ci cathode. 


2. During the electrolysis of conc H,SO,, it was found that 
H,S,O, and O, were liberated in a molar ratio of 3 : 1. How 
mahy moles of H, were found in terms of moles of H,S,O,? 


(Express your answer as: 3 x moles of H,) 
3. How many Faradays are required to reduce 1 mol of BrO,° 
to Br® in basic medium? 
4. The total number of Faradays required to oxidize the 
following separately: 
a. 1 mol of S,O,”- in acid medium 
b. | Equivalent of S,O,*- in neutral medium 
c. 1 mol of S,0,% in basic medium. 
5, For the oxidation of ferric oxala . as 
is required. How many moles aia Laan nie 


10. What is the total score for the correct statement(s) 5 
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sno the discharge of a lead storage battery, the density Si 
6. During the discharge ot a lead storag AEEA sliawine: ) from he 

of 40% H,SO, by weight fell from 1.225 to ‘ ' Given: E® -305V 

20% by weight). What is the change in molarities of H,S0,? an PLi® ! T | e 
7. In Q. 6 above, the number of ampere hours for which the ad | m yan y 

battery is used containing | L of the acid is 16.08 ampere 4 K® | KK * | . 

hour. Calculate the value of x. Alkali metals react with water according to the follow; 
8. AG i de tecto: reaction (M = Alkali metals): Ing 

. AG for the reaction: 
4 i 2 2M + HO —> 2MOH + H, 
Al +0, —> TAS It is found that Li reacts gently with water, whereas Kin 
5 


3 iole ith water. 
is -772 kJ mol"! of O,. violently w 


Calculate the minimum EMF in volts required to carry out 
an electrolysis of Al 0}. 


Statement 


AG values have nothing to do with kinetics 
of the reaction. 


The metal having large standard oxidation - > ` 
potential will have lesser reactivity. 


Potassium (K) has low melting point and) 


9. What is the total score for the correct statement(s) from the 


following. 


Given: MnO,° + 8H® + Se" > Mn” + 4H,0; E° = 1.51 V 


Fe** + e ——> Fe”; E©°=0.77 V heat of reaction which is sufficient to make 
+%e-——3 © o= v it melt or even vapourize. This leads to 
ii a eee Bc eee increase in its surface area. 
Ce + e > Ce*; E9 = 1.76 V d. | The ionization potential of K is smaller | 
Statement than that of Li. 


11. When electrolysis of KCI is done in alkaline medium. 


MnO,® is a sufficiently strong oxidant in 
10 g of KCIO, is produced as follows: 


acidic solution (pH = 0) to oxidize Fe?* ion. 

b. Fe? ion cannot be titrated against standard 

| | KMnO, solution if the medium is made 

| | acidic (pH = 0) by adding HCI. 

MnO,°® ion cannot oxidize Ce** in acidic 

| medium (pH = 0). 

d. Fe? cannot be titrated against standard 
| KMnO, solution in acidic medium (pH = 
_() in the presence of Ce** ion. 


CIE + 60H —> ClO,° + 3H,O + 6e 

A current of 2A is passed for 10.941 hours. Calculate te 

| Pereema current efficiency 
10 

(Mw of KCIO, = 122.5) 


used in the process. 


|| eee iI 


JEE MAIN (1) 4.5 V (2) 3.0 V ; 
(3) 2.5 V (4) 5.0V (AIEEE?! 


Single Correct Answer Type „il will & 
C 


3. The reduction potential of hydrogen halt-¢ 


1. Given. Epe” jpe = —).036 V negative if 
EZ rm. = 1.439 V 
ii (1) p(H,) = 1 atm and [H*] = 2.0 M 


The value of standard electrode potential for the charge, (2) p(H,) = I atm and [H*] = 1.0 M 


Fe**(aq.) + & —> Fe**(aq.) will be 


(1) -0.072V (ey Desy (3) p(H,) = 2 atm and [H*] = 1.0 M 5200! 
(3) 0.770 (4) 0.270 V (AIEEE 2001 (4) p(H,)= 2 atmand [H}=2.0M AEF o 
: =U. SEE z ; 

“EE 2009) 4. Resistance of 0.2 M solution of an electrolyte © vid 


2. The Gibbs energy for the decomposition of ALO, at 500°C 


The specific conductance : solution is |. ne iS 
Saaw pecific conductance of the solu oly! 


resistance of the 0.4M solution of the same e'e° 


2 4 ; . 
A Al,O, —> A Al +O, A.G=+966 kJ mol! 260 Q, its molar conductivity is 
DS (1) 6250 S m? mol`! 
The potential difference needed for electrolytic reduction (2) 6.25 x 10% S m? mol"! 
of ALO, at 500°C is at least (3) 625 x 10-4 S m2 mol-! 1) 
nn? mol pE 703 
(AIE 


(4) 62.5 S m? mol! 


d reduction potentials for Zn2*/Zn, Ni2*/Ni and 


5 The standar | 
' 2 /Fe are _0.76, —0.23 and _0.44 V, respectively. The 
Sion X + yt +Y will be spontaneous when 
Xe i, Y= Fe (2) X=Ni, Y= Zn 
a) X=Fe, Y= 20 (4) X=Zn, Y=Ni 
(AIEEE 2012) 


, Given, Eeer 7 -0.74 V; Eĝmozmn? = L-51 V 
I+ = 1.33 V; Euer = ] 36 V; 


Eceo Cr 
Based on the data given above, strongest oxidizing agent 
will be 
(3) Mn°* (4) MnO; 


(JEE Main 2013) 


0.2 M solution of an electrolyte is 50 Q. 
nductance of the solution is 1.4 S m7!. The 
M solution of the same electrolyte is 280 Q. 
f 0.5 M solution of the electrolyte 


7, Resistance of 
The specific co 
resistance of 0.5 
The molar conductivity O 


in S mol! is 
(1) 5x 107+ (2) 5x 10° 
3) 5x10 (4) 5x 10° 
(JEE Main 2014) 


$. The equivalent conductance of NaCl at concentration C and 
at infinite dilution are À, and i, is given as 
(1) A= A, + BC (2) A, =Ag- (B)C 
3) 4,=2,—(B)VC (4) à= 2, + (B) VC 
(JEE Main 2014) 


In which of the following reactions H,O, acts as a reducing 


yo 


agent? 

(1) H,O, + 2H* + 2e —~ 2H,O 

(2) u0, -20 — 0, + 2H* 

(3) LO, + 2e° —> 2HO™ 

(4) LO, +20H -2e —~> O, + 2H,0 

(1) 1,2 (2) 3,4 

(3) 1,3 (4) 2,4 (JEE Main 2014) 
10. The metal that cannot be obtained by the electrolysis of an 

aqueous solution of its salts is 


(1) Ag (2) Ca 
‘ a Cu (4)Cr (JEE Main 2014) 
. Given below are the half-cell reactions 
Mn2+4+2¢-——»Mn, E°=-1.18V 


2(Mn3+ + e ——» Mn**), E° = +1.51 V 
The E° for 3 Mn2+ —> Mn + 2Mn* will be 
(1) -2.69V, the reaction will not occur 
2) -2.69 V the reaction will occur 
(3) -0.33 V, the reaction will not occur 
(4) -0.33 V, the reaction will occur (J EE Main 2014) 


` ns faraday of electricity is passed through a solution of 
uSO,. The mass of copper deposited at the cathode is: (at. 
mass of Cu = 63.5 amu) 


13. 


14. 


15. 
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(1) Og (2) 63.52 
(3) 2g (4) 127g (JEE Main 2015) 
Galvanization is applying a coating of 
(1) Zn (2) Pb 
(3) Cr (4) Cu (JEE Main 2016) 
Given 
Eo, = 1.36V, Ego = —0.74V 
co} Cr" = 1.33V, E no; mn” = 1.51V 
Among the following the strongest reducing agent ís: 
(1) Cr (2) Mn?* 
Qc (4) Cr (JEE Main 2017) 


How long (approximate) should water be electrolysed by 
passing through 100 amperes current so that the oxygen 


released can completely burn 27.66 g0 
(Atomic weight of B = 10.8 u) 
(1) 0.8 hours (2) 3.2 hours 


(3) 1.6 hours (4) 6.4 hours 
(JEE Main 2018) 


f diborane? 


JEE ADVANCED 


Single Correct Answer Type 


1. 


Consider the following cell reaction: 
2Fe(s) + O,(g) + 4H%(ag) —> 2Fe2*(aq) + 2H,0(/ 
FO = 1.67 V 
At [Fe**] = 10-3 M, p(O,) = 0.1 atm and pH = 3. 
The cell potential at 25°C is 


(1) 1.47V (2) 1.77 (4) 1.57 V 


(IIT-JEE 2010) 


(3) 1.87 V 


. AgNO, (aq) was added to an aqueous KCI solution gradually 


and the conductivity of the solution was measured. The plot 
of conductance (A) versus the volume of AgNO, is 


J 


Volume Volume 
Œ) Q 
i | 
Volume 
R) > 
(1) P (2)Q 3)R (4) § 
(IIT-JEE 2011) 


a 
——$——— 


R is a gas constant; T is temperature; E 


a 


i i a ene ; stant; cell 
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3. The standard reduction potential data at 25°C Is given below 1.1 V] ) 
` BO (Fel, Fe™) = +0.77V; (1) 1.1 F (2) _ RT-2.2F 
BO (Fe**, Fe) = -0.44V (3) 2.303 RT + 1.1 F (4) -2.2 F 
ES (Cu**, Cu) = +0.34V; (JEE Advanceq 2017) 


Es (Cu®, Cu) = +0.52V 
EC [0,(g) + 4H® + 4e“ 
E“ [0,(g) + 2H,0 + 4e” 
Ee (Cr*, Cr) = —0.74V: 


—> 2H,0] = +1.23V; Multiple Correct Answers Type | 
se ee 1. For the reduction of NO,? ion in an aqueous solution, P | 


— 401 m , 
is +0.96 V, the values of E2 for some metal ions are given 


Ee (C.C) =-0.91V polow . 
Match E® of the redox pair in Column I with the values i V2(aq) + 2e > V: E9 =-1.19 , 
siven in Column II and select the correct answer using the i Fe?*(ag) + 36° — Fes F= 04) | 
code giv ; the lists: ' | 
code given below the h i. Au*(aq) + 3e —> Au: E9 =+] 40y 
iv. Hg? (aq) + 2e —> Hg; E® = +0.86 y 
E°(Fe**, Fe) ' The pair(s) of metals that is/are oxidized by NO,? in aqueous 
_E°(4H,0 <=> 4H®+40H®) | 2. solution is/are 
£9(Cu2* + Cu—> 2Cu®) | 3. (1) Fe and Au (2) Hg and Fe 
a : (3) V and Hg (4) Fe and V 
E%(Cr*, Cr) (IIT-JEE 2010) 
Codes : 2. In a galvanic cell, the salt bridge 
P Q R S (1) Does not participate chemically in the cell reaction 
(1) 4 l 2 3 (2) Stops the diffusion of ions from one electrode to another 
Q) ; : : ; (3) Is necessary for the occurrence of the cell reaction 
= 3 4 | 2 (4) Ensures mixing of the two electrolytic solutions 
JEE Advanced 2014 
(JEE Advanced 2013) kedc ni ( aki 
n omprehension Type 
4. The metal that cannot obtained by electrolysis ofan aqueous di P yP 
solution of its salts is: Paragraph 1 
(1) Cu (2) Cr (3) Ag (4) Ca The concentration of potassium ions inside a biological cell is 
| (JEE Advanced 2014) at least 20 times higher than outside. The resulting potential 
$. The equivalent conductance of NaCl at concentration C and difference across the cell is important in several processes such as 
at infinite dilution are A, and hap respectively. The correct transmission of nerve impulses and maintaining the ion balancè. 
relationship between Ac and en is piven as: A simple model for a concentration cell involving a metal M's 
(where the constant B is positive) M(s) | M?(aq; 0.05 mol 5 i Mis) 
oe S ath Ms 
()ic=h,-B)JE Dre =, + (B)VE epee ea ae 
3)i, <2, +B)C (4). = 2, -(BC For the above electrolytic cell, the magnitude of the © 
Ge Ce potential is | Æ „y |= 70 mV. (IITJEE 2010) 
(JEE Advanced 2014) 


1. For the above cell 
(1) Esen < 0; AG > 0 (2) Enq > 0; AG <0 


ON 


. For the following electrochemical cell at 298 K, 
Pt(s) | H, (g, 1 bar) H* (aq. 1M) || M4* (aq) | M? (aq) | Pt(s) 


(3) F< 0; AGS > 0 (4) E_,, > 0; AG? <0 
[m | 3 l cell 10 0023 
E, = 0.092 V when i . If the 0.05 molar solution of M® is replaced by 3 i 
[ Waa ] molar M® solution, then the magnitude of the cell poten 
, RT would be 
gy 
Given : E y“ y” =().151 V; 2.303 FI =(0).059V (1)35mV (2) 70 mV (3) 140 mV (4) 700 mV 
The value of x is Paragraph 2 
(1) -2 7 a l : i 
) (2) -1 Fhe electrochemical cell shown below is a concentration cell 
(3) 1 (4) 2 


M | M” (saturated solution of in It 
sparingly soluble salt, 
(JEE Advanced 2016) MX) || M?* (0.001 mol d 3) | M 


7. For the following cell | 
’ of 
Zn(s) | ZnSO,(aq) || CuSO,(aa) | Cu(s) The em of the cell depends on the difference in the conc is 
When the concentration of Zn?* is 10 times the concentration sral ous pe fwa oleefrodes, lig Aare en 2032) 
i HT- 


of Cu**, the expression for AG (in J mol`!) is [F is Faraday 


| 
| 


7o 


~e solubility product (K,,; mol? dn?) of MX, at 298 based 
$. n 


` on the information available the given concentration cell is 
T ske 2.303 x R x 298/F=0.059 V) 


(ix toe (2) 4 x 10-15 
8) Ex 10" (4) 4x 10° 
4, The value of AG (kJ mol`!) for the given cell is 
"(take IF = 96500 C mot") 
(1) -5.7 
(3) 11.4 


(2) 5.7 
(4) -11.4 


matrix Match Type . 

1, An aqueous solution of X is added slowly to an aqueous 
solution of Y as shown in Column I. The variation in 
conductivity of these reactions in Column II. Match 
Column I with Column II and select the correct answer 
using the code given below: 


Column I 


Column II 


Conductivity 
decreases and 
then increases 
2. | Conductivity 
decreases and 
then does not 
change much 


3. | Conductivity 
increases and 
then does not 
change much 


4. | Conductivity 
does not change 
much and then 

increases 


S | NaOH + HI 


Electrochemistry 3.113 
Codes: 


P Q R S 

(1) 3 4 2 l 

(2) 4 3 2 l 

(3) 2 3 4 J 

(4) | 4 3 2 
(JEE Advanced 2013) 


Numerical Value Type . 
1. The molar conductivity of a solution of a weak acid HX 


(0.01 M) is 10 times smaller than the molar conden yi 
of a solution of a weak acid HY (0.10 M). If A°y- = Ay- » 


the difference in their pK, values, pK (HX) — pK (HY), 
is (consider degree of ionization of both acids to be << 1) 


(JEE Advanced, 2015) 


. All the energy released from the reaction X —> Y, A,G® = 


-193 kJ mol"! is used for oxidizing M* as Mt > M* + 
2e-, Fo =-0.25 V. 

Under standard conditions, the number of moles of 
Mt? oxidized when one mole of X is converted to Y is 


[F = 96500 C mol] (JEE Advanced 2015) 


. The conductance of a 0.0015 M aqueous solution of a weak 


monobasic acid was determined by using conductivity cell 
consisting of platinized Pt electrodes. The distance between 
the electrodes is 120 cm with a an area of cross section of 
1 cm?. The conductance of this solution was found to be 5 
x 10-7 S. The pH of the solution is 4. The value of limiting 
molar conductivity (A°_) of this weak monobasic acid in 
aqueous solution is Z x 10? S cm™! mot. The value of Z is 


(JEE Advanced 2017) 


. Consider an electrochemical cell: 


A(s) | A™ (aq, 2 M) || B2"* (aq, 1 M) | B(s). The value of 
AH? for the cell reaction is twice that of AG° at 300 K. If 
the emf of the cell is zero, the AS° (in JK~! mol!) of the 
cell reaction per mole of B formed at 300 K is 

(Give: In(2) = 0.7, R (universal gas constant) = 8.3 JK! 
mol!. H, S and G are enthalpy, entropy and Gibbs energy, 
respectively). 


(JEE Advanced 2018) 
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1. Limitations of thermodynamics 


a. Thermodynamics deals about the spontaneity of a 
reaction, 1.¢., the direction of the flow of heat, but does 


OVERVIEW 


Note: Negative si 
calculation part. 


Chemical Kinetics 


gn along with first term is not used in 


not discuss the rate of the reaction. b. Units of rate of reactions: In aqueous reactions, the 
als only with the initial and final ‘ unit of rate is mol L-! f! or M f! whereas in the case 
p dedenia oniyi : oe ar Stat a the system of gaseous reaction the unit of rate is atm ¢-!. 
but does not explain the path of the reaction, i.e., the 
mechanism of the reaction. c. 


It deals with the properties such as temperature, pressure, 
etc., of the matter in bulk (i.e., at macroscopic level) but 
does not tell anything about the individual atoms and 
molecules (i.e., at microscopic level). 


So, the chapter of chemical kinetics is introduced to 
explain two of the above-mentioned limitations of 


Average rate and instantaneous rate of reaction 


i. According to the law of mass action, the rate of 


reaction depends upon the molar concentrations of 
the reactants which decreases with time while those 
of products increases with time. Therefore, the rate 
of reaction does not remain constant throughout. 


Thus, the rate of reaction as defined above is the 


thermodynamics average rate of reaction during the time interval 


2. The branch of chemistry that deals with the study of the ea average rate of reaction (r) 
speed or rate of chemical reactions, factors affecting the rates m 
ofreaction and the mechanism by which reactions proceed is = ~A [R] Sa A [P] 
known as chemical kinetics. The word “kinetics” is derived At At 
from the Greek word “kinesis” which means “movement.” a 

3. Rate of reaction: It is the change in the concentration of “vot 


any one of the reactants or products per unit time. ii. The instantaneous rate of reaction, i.e., the rate 


Decrease in the of reaction at any instant of time is the change 


concentration of reactant of concentration per unit time of any one of the 
Rate of reaction = Change in time or time interval reactants or products at that particular time. 
dx 
in nth a ae .. Instantaneous rate (7...) =— 
crease in the concentrati dt 
of products For example, for the reaction, R——> P 
Change in time or time „n -d [R] a d [P] 
interval inst d dt 
The rate of reaction in terms of reactant (R) or product (P) _ AR] A[P] 
is written as: Actually, Pigg, = — ar Y At 
ia -A[R] A[P] At — 0At—> 0 
1 = = + — 
te of reaction At At 


Note: Symbol A is used for large ch 
rate whereas symbol “d” 
instantaneous rate, 


ange, i.e., for average 


where A [R] = R, —R, and AP = P, —P, and At = 6, — t} is used for small change, i.e., for 


a. Significance of negative and positive sign: Rate of 
reaction is always positive. Negative sign along with 
first term signifies a decrease in the concentration of the 
reactant and positive sign along with the second term 
indicates an increase in the concentration of the product. 


d. Expressing the rate of reaction in terms of different 
reactants and products 


© 


freaction: The sum of exponents (Power) to wh; 
Ich 


4.2 Physical Chemistry 
For the general reaction: 


aA +bB— cC + aD 
1(-d[A])_! -4{p)) 10 
Rate = ~ — me dt Joe di 
_ 14[P] 
d dt 


1e 
tration of water be 
55.5 M to 55.49 M. 


Note: In aqueous solution, tl 
in terms of change of concen 


negligible change, ¢-8-»» from 


e. Rate constant: It i 
when the concentrati 
1 mol L~. It is a constant 
a given temperature an 
constant or specific reaction rate. 


For a general reaction: 
aA + bB— Products 


Rate = = = {A} [B]; if[A]=[B]= 1 M 


Then = a =k 
dt 


f. Units of rate constant for the nth order reaction 
k= (mol L!)!~"r1 or (M) rt- 


g. Relation between rate of reaction in atm f! and mol 


L-1 f! 
PV=nRT 
A(n V 
am lra uit = AP 2 
At At RT 


4. Relation between the rate of formation/decomposition of 
any one of the reactant/product given in mass f! and the 
rate of formation/decomposition of another reactant/product 


is required in mass f}. 
For general formula, 

aA + bB —> cC + dD 
~4[A] _ -a[B] a[c] _a[D] 


a dt bdt ou adi 


For example: 
P -d[A] = = d[c] 
Ai a moles L~! g? 
dA ' 
a. =alA] in mass £! = 2 alc] „Mwof A ~j 
di c d MwofC 
-d| A 
b. l lamare MW ON Pe ian 
| d dt MwofD mass f 
Similarly, 


-d |B 
i ad OP E Meo B a a 
ss 


dt c d MwofC 
-d 
: ALB] in ma po Mwof B -1 
' d dt Mw of D ane 


rate of reaction is not expressed 
cause there is a 


s equal to the rate of reaction 
on of each reaction is unity, 1.€., 
for a particular reaction at 
d also known as specific rate 


. Order 0 


. Reactions of various 


. Zero order reaction: 


n terms in the rate law equation are r4; 
bserved rate of the reaction detem 
Iled the order of reaction. i 


the concentratio 
to express the O 
experimentally is ca 


Ned 


For rate law, 

Rate = kj A]“[BJ IC]. 

Order=atbte 

orders: In such reactions, the 


ntration of yarious reactants except one remain 


conce 
ring the course of reaction. 


practically constant du 
A reaction in which the rate jg 


tration of the reactant molecules 


independent of the concen 
| to the zeroth power of the 


i.e., the rate is proportiona 
n of reactants. 


concentratio 
dx 

_& =kjA =k 
T [A] 


y remains constant throughout 


i.e., the reaction velocit 
n. The concentration decreases 


the progress of the reactio 
linearly with time. 


[A], = [Alo 7 
-e FA __ initial concenteao8 
completion A Rale constant 


The units of k are mol L~! time. 


Half-life time, t = Alo 
2k 


_ First order reaction: The rate depends upon the 


concentration of one reactant only. 


Z% kA 
gorl ] 


— 2.303 a 2.3 
= g =— 2 pp b 
(a-x) t [A], 
where ¢ = time, a = initial concentration. and 
(a — x) = concentration at time t. 


k 


A a in concentration unit does not affect the numerical 
value of k. Thus, for first order reactions, any quantity which 
is proportional to concentration can be used in the place of 
concentration in the integrated equation. 
a time taken for the completion of same fraction of 
change is independent of initial concentration. When 
x=0.5aandt=t 

1/2 
p- 2.303 a _ 2.303, _ 0.693 


log = = 
hy/2 0.Sa fis log2 = ie 


‘cies 0.693 

1/2 

k 

Thus, tin is independent of initial concentration. 
ki equation of the first order can also be written in the 
ollowing form when initial concentration is not knowD. 
2.303 | (a-%) 2.303, LAI 
(6-4) o = = log —+ 

27" (a-x)) (-4) [A], 


The unit of k is time”!. 


t 
L =| 44t,, 


A 1 . A = 
i, Average life (À) L 0693 


The time in which 63.2% substance undergoes decay 
is called average life. 


ij. Relation between ¢,,. and t,o, (amount decomposed): 


2.3 | = 100 l 
to4(decomposed) ass og 100 —x (i) 
_ 0.69 03x 2.3 - 
hn” Ea (11) 
Dividing Eq. (ii) by (i), we get 
t2 0.3 


where x% and y% are the percentages of substance 
decomposed. 


iv. Relation between t,,. and t,., (amount left). 


ho _ 03 


1-9 (left) 


VL tp = 0.693 for first order reaction 
k 
and t4 = 2t)/. OF tisy = 2b 'g7.5% — 3hi 
10L,/ and bas = 0.41, 
= Aly since lysy, = 2th) 


and similarly fg, go, = 


bog g70% = Sty» by3,.75% 7 275% 
In general, for the mth order reaction, 


l 
S: ——— 
vii. Amount of substance left after n half lives: 


Ao (5) or Ao and n = 
2 ly 
viii. For nth fraction of the reaction to complete, time taken: 


2.303 1 


t 
lin k (ee) L) 
ļ]—-— 
n 


Total time 


hy2 


ix. Starting with two different concentrations a, and a, for 
the same reaction, the half lives (t,,.), and (t,/.), are 


determined. 
n-li 
(a) _ í a, 7 
(f2) a 
Sl = 
kai bs 2.303 
orn= 1+ log(ty2 )i _ log(t)) )o 
log a, — log a, 


n is the order of reaction. 


c. Second order reactions: Reaction rate depends upon the 


concentration of two reactants. 

© Z A]B] = MAP 

z; 7 MAIIB] = MA] 
2.3 lo b(a-x) 
“(a= 7 a(b — x) 


[(a — x) and (b — x) are the concentration of A and B after 
time interval ¢.] 


When concentrations of both the reactants are same, 


1 x 


t a(a—x) 


(x is the concentration changed in time interval £) 


Half-life period, t,,. = 1/ka, i.e., inversely proportional to 
initial concentration. The units of & are litre mol! time. 


. Third order reaction: Expression for a third order reaction 


of the type 
3A — products 
dx = ki AP 
dt 
_ 1 x@a-x) 
t 2a*(a—x) 
The units of k are L? mol time !. 


. In general for nth order (n > 2) 


nA—-> Products 


oe PE E. 
n (n—1)t [A]" 7! [A] nal 


gre 


and f o = ——— 
1/2 k„(n- 1) re l 


(n22) 


8. Refer to Table 4.1 for units of rate constant. 


9. Refer to Table 4.3 for expressions for rate constant for 


10. 


11. 


reactions of different orders. 


Refer to Table 4.4 for order of reaction and ¢,,, values along 
with the units of rate constant. 


Refer to Table 4.2 for difference between molecularity and 


order of a reaction. 
LY 


4.4 Physical Chemistry = — = 
12. Elementary or simple reactions: The reactions a is 

n one step are called elementary reactions. FO 

er of reaction should be equal to 


lecularites should be integral. 


place i 
elementary reaction, the ord 
molecularities and further mo 


For example, the rate law for the reaction: 


H,(g) + Br(2) 2HBr(g) 


d{HBr] 
dt 

If the reaction were elementary, 

involve one molecule of H, reacting with one molecule of 


Br, to give the bimolecular rate law. 


d{HBr] 
dt 


1 
= k{H,][Br, ]? : 


is 
the reaction rate would 


= KH, ][Br;] 


Since this is not the observed rate law, the reaction is not 
elementary. 

13. Complex reactions: The reactions which do not take place 
in one step are called complex reactions. The reactions 1n 
which all the atoms, ions, or molecules as represented in 
the balanced chemical reaction may not come together to 
collide simultaneously. For example, 
5Br®(aq) + BrO,°(aq) + 6H®(aq) —> 3Br, (aq) + 3H,0(1) 
It is impossible for all the 12 ions of the reactant to come 
together simultaneously to collide. Such reactions are called 
complex reactions. Such reactions take place in a sequence 
of a number of steps. Each of these step reactions is called 
an elementary reaction. Molecularity is defined only for an 
elementary reaction not for the complex reactions. 


Note: Different steps of complex reaction are also elementary 

reactions. 

14. Rate-determining step: The different elementary reactions 
of a complex reaction do not take place at the same rate. The 
overall rate of the reaction depends upon the slowest step. 
Hence, the slowest step is called the rate-determining step. 

15. Mechanism of the reaction: A series of step reactions or 
elementary reactions proposed to account for the overall 
reaction is called the mechanism of the reaction. 

16. Reactions for which Steady state hypothesis is valid: A 
reaction may take place in a number of steps and may have 
several] intermediates. In the steady state hypothesis, we 
assume that the intermediates are so reactive that after a brief 
initial period (called induction period) their concentrations 
rise from zero to a small value and remain constant for 
most of the duration of the reaction, i.e., we can assu 
that change in the concentration with time for these ba 
intermediates is zero. This assumption is very helpful for 

deriving the rate expression for complex reactions “er 


n N egative, zero, and fractional orders are obtained whenever 
e desired reaction does not occur in single elementary step 


17. a. Rate law for opposed or rever 


, sibl 
reactions e elementary 


l : 
L H+L == 2H 


dinee 


d[HI E 
pate = 12E = kph] - elt? 


2 


k 
ii. 2NO, = N20, 


_d[NO2] Z 2k [NO]? - &[N,0,] 


dt 
Case I: First order-opposed by first order 
n B 
ky 


2.303 og 
(ki + kz) X eq TA 
(X,, = [B] formed at equilibrium) 


Case II: First order-opposed by first order 


ir E 
2 


t=0 a b 
t=t a-x b+x 
2.303 Xeq 
t= ——— log ————_ 
(ki + ky) Xeq — 
Sea = [B] formed a equilibrium) 
Rate law for side or parallel or concurrent elementary 


reactions 


A single reactant gives two products B and C 
simultaneously with different decay constants. For firs 
order reaction: 


k 
a ~<a (90%) (Main reaction) 
Z >C (10%) (Side reaction) 
d[A 
Rate = AA =k [A] + k [A] = (k, + k )[A] 


t 


= k [A] 
If after a time interval say x M of B are formed and 
yM ofC are formed, then if reaction is carried out wid 
A, when t = 0, [B] = [C] =0. 


ki =(% yield of B) xk, 


=> % yield of B = ki __& 
ky k+k, 


k, = (% yield of C) xk, 


kw k+ ky 


=>% yield of c= 2 ky 
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Some examples: 
į. Phenol 


O a H,C = CH; + KBr + H2O 
es pl 
ii. C,HsBr + KOI C,H5OH + KBr 


Rate law for consecutive or sequential reactions: 
l À reactant (A) decomposes to (B), which in turn 


decomposes to (C), iê, 


AT o-nitrophenol + p-nitrophenol 
1 


k ky 
A os Sad Step 2 
—d[B 
_ AA AKIA], ZAB] _ k [A] - k BI. 
© adt t 
—d[C] _ k [B] 
dt 
Ifr=0, [B] = 0, and &, < k,, then at t= t. 
a kt _ eat 
y= Haley et] 


(where [A], = 
Also maximum concentration of [B] at time ¢ is given 
by 


2303, [k 
t= log| —— 
k, - ki kı 


d. Refer to Table 4.6(a) for graphs. 


18. Pseudo unimolecular (or pseudo first order) reactions: 
The reactions having molecularity > 2 but order of reaction 
| are called pseudo first order reactions. 

Examples: (i) inversion of cane sugar, (ii) hydrolysis of ester 
in acidic medium. 

Units of the rate constant (k’) of a pseudo unimolecular 
reaction 


K (for pseudo first order) = 


Initial concentration of A) 


k (for first order) 
[HO] 


i ie 
a= L mol” t 


mol K! 


Unis of ¥ represent a second order reaction. 


9. Pseudo bimolecular (or pseudo second order) reactions: 
The reactions in which molecularity 2 3 but the order of 
reaction = 2. Examples: Hydrolysis of ester in basic medium 
(or saponification of ester). 

Units of the rate constant (k’) of a pseudo bimolecular 
reaction 


d 
K (for pseudo second order) = k(for second order) 


[H,0] 
_ mol? L r’ 
mol L’ 


. K = mol L2 f! (Units of K represent a third order 
reaction) 


20. 


21. 


. 22. 


23. 


Typical first order gas phase reactions 


2303 og Po 
(2p — Pr) 

where pọ = initial pressure and p, = 

decomposition. 

Threshold and activation energy of reactions: The 

minimum energy which the colliding molecules must have 

in order that the collision between them may be effective is 

called threshold energy. 

The minimum extra amount of energy absorbed by the 

reactant molecules so that their energy becomes equal to 

threshold energy is called activation energy. 

In other words, difference between the threshold energy and 

the average kinetic energy of the reactant molecules i.e., 


k= 


total pressure after 


Activation energy (£,) 
= Threshold energy (E,) — (Average kinetic energy of 
the reactants) 
or 
Threshold energy (£,) 
= E + Energy possessed by reactants 
(i.e., potential energy of reactants) 
or 
= E, + PE of reactants 


a. For endothermic reactions [E (f) < E,(b)]: 
b. For exothermic reactions [E (f) < E,(b)]: 


Effect of catalyst on the rate of reaction: 


The presence of catalyst lowers the potential energy barrier 
and the reaction follows a new alternate path which requires 
less £, and reaction becomes faster because more reactant 
molecules can cross the energy barrier and change into 
products as shown in Figures 4.20 to 4.22. 


Some of the characteristics of a catalyst are as follows: 


a. A catalyst cannot initiate a reaction. It can only 
accelerate the rate of reaction and does not catalyze 
nonspontaneous reaction. 


b. A small amount of catalyst can bring about a large 
change in the rate of reaction. 


c. A catalyst neither alter free energy change (AG) nor 
enthalpy change (AH) of the reaction. 


d. For a reversible reaction, it increases the speed of 
forward and backward reactions to the same extent. 
Hence, it does not change the equilibrium constant of 
the reaction (i.e., k eq OK, ork, ,). It simply helps to attain 
the equilibrium faster. 


Kinetic stability of fuels: The combustion of fuels such 
as coal in the presence of air or O, is thermodynamically 
feasible (C + O, — CO,) because AG = —ve. Yet fuels are 
quite stable even in the presence of air or O,, because of 
high Æ, of the reaction. On heating, the fuel and air absorb 
heat which provides necessary E, and hence combustion 
continues. Thus, fuels which are thermodynamically 
unstable are kinetically stable. 

The stability of fuels is due to the existence 


. of ene 
barriers between the reactants and the prod ee 


ucts. The 
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24. 


25. 


: , F 5 iers, 
existence of life on earth is due to these energy barr 


otherwise all the fuel on the earth would have burnt away 

by themselves. 

Effect of temperature on rate constant 

a. Temperature has a marked effect on the an emi 
For most of the reactions, the rate of feachon ie i 
nearly double or even more for 10° rise ol tempera ure. 
The effect of temperature is usually expt essed in terms 
of temperature coefficient which is defined by the 


e of reaction. 


equation 
Temperature coefficient (77) 
Rate constant at T + 10° (308 K) 
-Rate constant at T (298 K) 
For most of the reactions, 2 < n < 3. 


£308. _ 308 _ 1.016 Z «VT 
Zas V 298 


b. Ifa fraction of molecules is plotted versus corresponding 
kinetic energies (called Maxwell’s distribution curve 
of energies), the following graph is obtained (Refer to 
Fig. 4.14 also). 


Fraction of molecules 
(n/N) 


Most probable a b 
kinetic energy Velocities © 


MPV : AV: RMS = 1 : 1.128 : 1.224 


7 J2RT | |8RT [3RT 
Mw \aMw Mw 


The graph explains an increase in the rate of reaction, 
with increase in temperature mainly due to increase in 
the number of effective collisions. The graph shows that 
with the increase of temperature, peak shifts forward 
but also downward, which means that with increase of 
temperature, 
i. The most probable kinetic energy increases, 
ii. The fraction of molecules 
kinetic energy decreases. 
Arrhenius equations 


and 
possessing most probable 


a. Quantitatively, the effect of temperature on the rate 
of equation and hence rate constant (k) was shown 
by Arrhenius and this equation is called Arrhenius 
equation. 

-Ez 

b. Arrhenius equation, k= Ae RT 


TA Punua pa 


. The factor e#%7 in the Arrhenius equation is caller 


ne E `~ 
or log k= 108 A- 7 303RT 
where 


k = Rate constant 


A = Frequency factor for binary colligi 
exponential factor 


E = Activation energy 
R = Gas constant = 8.314 J K-! mop! 
For two different temperatures T, and T., 


ii mt Dre 


k = Ey | 4 = A 
87 T Z303RIT T, 
where k, and k, are rate constants at temperature : 
and 7, respectively. | 
Plot of log k versus 1/T 
Intercept = log Á; 

a 
2.303R jozi log 4 
The two quantities A and E, are 
collectively called Arrhenius 
parameters. 


Slope = — 


Ts 


ed 
Boltzmann factor. 


The pre-exponential factor (4) is dimensionless and 

has the same unit as that of rate constant for first order 

reaction, i.e., Time™ (e.g., min! or s~, etc.). That i 

why A is called frequency factor. 

The temperature dependence of k can be found by taking 

the derivative of Arrhenius equation w.rt. T. giving 
k= AeEdRT 


dk E 


—=AeEJRT Ea 

dT RT? 
=k. E, 
RT? 


The positive value of £ » the temperature dependence 
will be greater for reaction with large value ofE, 
Only reactions whose E, falls in the range 0i 
50-55 kJ mol or 12-13 kcal mol! are found to double 
their rate for this range (i.e., from 298 to 308 K) oi 
temperature. 

The fraction of molecules having energy equal to 0r 
greater than activation energy (£,) is given by the 
expression: 


x= 7 = Eint 
or log x = — E, 
2.303RT 


, l - ontation 
Arrhenius constant (A)=PZ ‘Ap Where P is the ea 
or probability or steric factor and ZAB represe 
collision frequency of reactants A and B. t 
The E, of a reaction cannot be zero. According a l 
Arrhenius equation, k = 4e-EVRT = 40° = A, i€- k 


«8 . i tion 
It means every collision results into a chemical rea¢ 
which is not true. 
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mE ofa reaction "o a. According to “k= A(1 + E IRT), i.e., k >> A, which is impossible. 

', a ` ' A =—-—ve 

she Arrhenius equation, (If £, l. Rate constant when the temperature is very high (i.e., 

T= 0) is not feasible. 


pe dete T = Ae (where x = E /RT) 


Ifx<< 1, we have At T= 00, k= Ae ERT = 4e° = A 
è x Rate constant = Collision frequency which is not feasible 
geltxta) tzr +..=ltx as explained in point (j) above. 
(neglecting higher power of x) m. Rate constant (k) cannot be greater than or equal to A, 


but it can be less than A. 
=1+E/RT ut it can be less than 


4.8 Physical Chemistry i l a - 


4.1 INTRODUCTION 


The feasibility of a reaction can be predicted with the help of 
thermodynamic principles. Besides this, relative amounts of 
reactants and products at equilibrium position of the reaction 
can also be predicted. However, the thermodynamic principles 
do not provide any information regarding the speed of a given 
reaction, i.e., how much time a given feasible reaction will take 
for its completion. It is also not possible to predict how the 
speed of a given reaction gets affected by changing the 
concentration of various reactants and products or by changing 
the experimental conditions. The study of reaction rates and their 
mechanisms, is called chemical kinetics. The word kinetics is 
derived from the Greek word kinesis meaning movement. 


4.2 RATE OF A CHEMICAL REACTION 


44 NAIC OF AA ILLIYI Melano 


The progress of a chemical reaction is monitored by measuring the 

concentration(s) of reactants and/or products as a function of time. 
Here we assume that the volume of the system remains constant 
and there is no removal from or addition to the reaction vessel of 
any of the reactants or products. Under such conditions, we find 
that during the course of a reaction the concentration of reactants 
decreases while that of products increases. 


Consider a hypothetical reaction: R —> P, in which one 
mole of the reactant R produces one mole of the product P. The 
rate of reaction may be expressed in either of the following two 
ways: 

a. The rate of disappearance or decrease in the concentration 
of R (reactants): 
. Decrease in the j 
EE PEEN concentration of R 
Time taken 
b. The rate of increase in the concentration of P (products): 


Increase in the concentration of P 
Time taken 


Rate of reaction = 


If [R]; and [P], are concentrations of R and P, respectively, at time 
t, and [R], and [P], are concentrations at time ż,, then 


At=t,-t, 
A[R] = [R]; - [R]; 
A[P] = [P]; — [P]; 


The square brackets in the above expressions are used to 
express molar concentration. 


Rate of disappearance of R 


_ Decrease in the concentration of R A(R] 

"Time taken a A 
Rate of appearance of P 

_ Increase in the concentration of P _ P A[P] Gi) 


Time taken At 


Since, A[R] is a negative quantity (as the concentration of 
reactants is decreasing), it is multiplied with —1 to make the rate 
of reaction a positive quantity. 


Equations (i) and (ii) given above represent the average r 
of reaction, Fy us 

The average rate depends upon change in the concentrati 
of reactants or products and the time taken for that change too o 
(Fig. 4.1). i 


Concentration of reactants ——> [Ro] 
2 


Concentration of products ———> 
‘J 
N 


Fig. 4.1 Instantaneous and average rate of reaction 


For a chemical reaction, the average rate depends on the value 
of t, and t, chosen. Initially, the rate is very fast and later on the 
rate decreases. Like instantaneous speed, the instantaneous rate 
also changes and the instantaneous rate has to be at a particular 


instant (time f). Mathematically, we represent instantaneous rate 
by: 


_ AIR] _ ALP] _—d[R]_ d[P] (iii) 
At A rat | 5a E 
t dt dt 
as At —> 0. 


It may be noted from Eqs. (i) and (ii) that the instantaneous 
rate can be determined by drawing a tangent at time / 0? either ° 
the curves for concentration versus time f of R and P. The slop 
of the curve at time ¢ is related to the instantaneous rate by the 
equation: 

“inst = -Slope (for R) = —d [R]/dt or 


= Slope (for P) = d[P]/dt 


y 


Fron 
ime 
time is 10 
ous re 


se . > ` , 
ge ; of their partial pressures, then the unit of the rate equation 
terms 


— of the rate of a reaction 
ni 


Eqs. (i) and (ii), it is clear that the unit of rate is concentration 
f For example, if the concentration is in mol L~! and the 


seconds then the unit will be mol L~! s~!. However, in 
actions, when the concentration of gases is expressed in 


-1 
will be atm Ss 


Consid 
co + NO, —> CO, + NO 
The above equation shows that when one mole of CO reacts 
with one mole of NO,, one mole each of CO, and NO are formed. 


Expression of rate 


er the following reaction between CO and NO,: 


The average rate of reaction can be expressed either by decrease 
in the concentration of any one of the reactants (CO or NO,) 
or by increase in the concentration of any one of the products 
(CO, or NO). 


A[CO] __ A[NO,] _ A[CO,] _ A[NO] 


—_—_——_ 


At At At At 


However, for the reaction, 


2H,0, —> 2H,0 + O, 


itis observed that when 2 moles of H,O, decompose, one mole of 
O, is formed in the same time interval. The rate of increase in the 
concentration of O,, therefore, is half that of the disappearance of 
the concentration of H,O, in the same time interval. 


So. 


A[O,] _ _1 A[H,0,] 
At 2 At 
In general, for a reaction, 


nA+n,B—> m,C + m,D 
The rate expression may be expressed as 

1 A[A] 1 A[B] 1 A[C]_ 1 AD) 
on At 7 ny At. g m At =m, At 


Thus, for the reaction, 


2NO(g) + O(g) —> 2NO,(g) 


stoichiometric coefficients of NO, O,, and NO, are 2, 1, and 2, 
respectively, and hence the rate is given by 


Rate = ZANO] _ -4 [03] _ -d[NOp] 
2d1 dt 2dt 
Similarly, for the reaction 


SBr°(aq) + BrO,,°(aq) + 6H%(aq) —> 3Br,(aq) + 3H,0(1) 


-d[Br®] _ —d[BrO,"’] 
Sdt dt 


Rate = 


_ ~d{H®] _ d[Bn] 
6dt 3dt . 
In aqueous solution, the change in the concentration of water 


is very small and hence we do not use change in the concentration 
of water for expressing the rate. 


D 
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For a gaseous reaction at constant T, the concentration is 
directly proportional to the partial pressure of a species and hence 
the rate can also be expressed as the rate of change in the partial 
pressure of the reactant or product. 

For a general reaction, 

aA + bB = cC + dD 
the rate of the reaction is defined as: 


Rate of reaction = | Z4 [A] _ 1 —4 [B] 
a dt b dt 
= 1 21C] 1 2[D] 
c dt d dt 


Let us write instantaneous rate expressions for some 
reactions: 


a BFL HI 
Rate of reaction = z4 [H3] =- 2) d [l] _ 1 4 [HI] 
dt dt 2 dt 
b. 2N,0; =—= 4NO, + O, 


Rate of reaction = | 240205] _ 1 4 [NO2] _ 4 [07] 
2 dt 4 dt dt 
e NN, t3H, === 2NH, 


Rate of reaction = ZAIN] -1-4[H]_ 1 4[NH;] 


l 
dt 3 dt 2 d 


studied by monitoring the concentration of N,O, in the solution. 
Initially, the concentration of N,O, is 2.33 M and after 184 min. 
it is reduced to 2.08 M. The reaction takes place according to 
the equation: 


2N,0, —> 4NO, + O, 


Calculate the average rate of this reaction in terms of hours, 
minutes, and seconds. What is the rate of production of NO, 
during this period? 


anys 


‘Sol. ) Rate of reaction 
__ A[N,0;] 
At 
(2.33 — 2.08) mol L! 
T 184 min 
Note: —ve sign is not included in calculation. 
= 1.36 x 10° mol L~! min`! 

If time = 184 min = 3.067 hr 
(2.33 — 2.08) mol L`’ 
3.067 hr 

= 8.16 x 10°? mol L~! hr! 
If time = 184 x 60 = 11040 S 
(2.33 — 2.08) mol L! 
11040 s 
= 2.26 x 105 mol L-! s7! 


Rate = — 


Rate = — 


ay P ie 


| 
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b. 16H® + 2MnO,° + 101° —> 2Mn?* + 8H,0 + 
A[N20s] _ A[NO2] si, 


Rate = — The equality in this case is: 
2At 4At @ 4 
N.O 1 -d[H"]_ 1 —d[Mn0,"]_ 1 {1°} 
. A (NO2) __4[N0;] sy a 16 dt 2 dt 10 dt 
. 7 1 d[Mn7*] 1 d[H,O] 1 d{I 
a eee n 2] 
= 36 x 10-3 mol. L7! min”! solu dLa aLa. 
n = 2 dt 8 d 5 d 
=2.72 x 10% mol. L`! min s 
go 24M0] 1 aH) _ 1 -ali 
| pee dt 8 dt 5 dt 
Express the rate of the following reactions: _ d{Mn**] _ 1 d[H,0] _2 d [L] 
a. PCI, —> PCI, + Cl, dt 4 dt 5 dt 
b. 2NO, —> 2NO + O, c. 4NH, + 50, —> 4NO, + 6H,O 
in terms of the concentrations of reactants and products. The equality in this case 1s: 
1 —d [NH] _ 1 -4 [02] _ 1 4 [NO7] _1 d[H,0] 
ol. 4 dt 5 dt 4 dt 6 dt 
a. For the reaction, 
PCI, —> PCI + Cl, > & oe P tl, [D - 2 d [H,0] 
D 1 $ t 5 t t 3 ie 
dt dt dt 
b. For the reaction, ee 
2NO, —> 2NO + O, Ammonia and oxygen react at high temperature as: 
Rate of reaction =— peer eee o 4NH,(g) + 50,(g) —> 4NO(g) + 6H, O(g) 
z a a H . In an experiment, the rate of formation of NO is 3.6 x 103 Ms. 
Calculate (a) the rate of disappearance of ammonia and 
= (b) the rate of formation of water. 
For each of the following reactions, express the given rate of ETNE, 
= For th t 
change of concentration of the reactant or product in terms of ee 
the rate of change of concentration of other reactants or products 4NH,(g) + 50,(g) —~> 4NO(g) + 6H,O(g) 
in that reaction: 1 —d[NH,;]_ 1 -d[O,] 
Rate = — ——— = — ———=- 
a. H,O, + 2H® + 31° —> L? + 2H,0; 4 dt 5 dt 
S ® 
acc! La er —d [H Fg — 1 d [NO] _ 1 d[H,0] 
dt dt 4 dt 6 dt 
- 16H® + 2MnO,° + 101° —> 2Mn?* + 8H,O + = a. Rate of disappearance of ammonia 
P MAMOS]. =? = Rate of appearance of NO 
dt =3.6 x 103 mol L~! s7! 
—d [NH;] b. Rate of formation of water 
c. 4NH, + 50,—> + : a Scher I 
3 2 4NO, + 6H,O; A _ d{H,0] 
2 dt 
a ® From the rate equation, 
a. H,O, + 2H + 319 —> L° + 2H,O 
The equality in this case is 1 ad [H20] _ 1 d [NO] 
6 dt 4 dt 
-4 [H07] _ 1 -4 [H] _1 -a [°] _d[L9] d{Ho) 6 
dt 2 d 3 dt dt i s Ehol = 36 x 10™ = 5.4 x 103 mol Ls! 
_ 1 4d [H,0] 
2 dt 
So I d [I°] et d [H,0,] _3-d [HE] The following reaction was carried out in water: 
dt dt 2 at Cl; + 21° —> L + 2Cl® 
à d [L°] _3 d [H,0] The initial concentration of I® was 0.25 mol L~ and the 
dt 2 H concentration after 10 min was 0.23 mol L-!. Calculate the rate 


of disappearance of I® and rate of appearance of L. 


a 
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oj = 0.25 - 0.23 = 0.02 mol L~! 


A Al! 
M” 10-0= 10 min 


Ate] = cn = 0.002 mol L7! min"! 


Af 
All ) 1 Age] 


— 
—— 


= 


0.002 = 0.001 mol L~! min“! 


=1x 10-3 mol L7! min! 


oncentration of a reactant changes from 0.03 M to 0.02 
in, Calculate the average rate of reaction using units 


Min 25m 
fitime both in minutes and seconds. 
j - A[R] _ [0.03 M - 0.02 M] 
gD Rte, 25 min 

-0.01/25 mol L~! min 
-0.4 x 103 mol L~! min" 
-0.4 x 103 mol L`! min‘! min/60 s 
= 0.66 x 105 mol Ls“! 


In the following reaction, how is the rate of appearance of the 
underlined product related to the rate of disappearance of the 
underlined reactant? 


Br0,°(aq) + SBr° (aq) + 6H°(aq) —> 3Br, (1) 


1 


+ 3H,O(1) 
„ d[Bo]_5-4[B°] p Bol 4 [Br°] 
dt 3 dt dt dt 
zi d[Bn]_ _ d[Br°] d d [Bn] _ 3 -d [Br°"] 
| eo a | a SR 
‘Sol. d. For reaction: 
BrO,°(aq) + 5Br©(q) + 6H®(aq) 
—> 3Br,(1) + 3H,0(1) 
O 
Rate- 1-4 [Br] _ 1 +4 [Bn] 
5 dt 3 dt 
_ d[Bp]_3 -d [Brf] 
dt 5 dt 
For the reaction 


HL(g) + L(g) —> 2HI(g), the rate of disappearance of H, is 
L0 x 10-4 mol L! s-!, The rate of appearance of HI will be 

a. 1.0 x 104 mol L! s~”! 

b. 2.0 x 104 mol L~! s7! 

c. 0.50 x 104 mol L~! s7! 

d. 4.0 x 104 mol L~! s7! 


b. H (g) + L(g) —> 2HI(aq) 


The rate of reaction is expressed as: 


l+d | -d l +d d 
— —— [C]=-—[D]=-—[A]=-— [B 
Me! a ae 4 ae ne! 
The reaction is: 

1 l j! 


a SAFE Cy B+ —D 
a3 3 


b. 4A+ 2C —> B+ 3D 
c. B+ 3D—> 4A+ 2C 


1l1d[C]_1-4[D]_ 1 4[A]_ =d [B] 
2 dt 3 dt 4 dt dt 
-Stoichiometric coefficient of B = 1 


c. Rate = 


Stoichiometric coefficient of D = 3 
Stoichiometric coefficient of A = 4 
Stoichiometric coefficient of C = 2 
Therefore, the reaction is: B + 3D —> 4A + 2C 


The term —dx/dt in the rate expression refers to the 
a. Concentration of the reactants 
b. Increase in concentration of the reactants 
c. Instantaneous rate of reaction 
d. Average rate of reaction 


Ol c. It is an expression for instantaneous rate. 


In a catalyst experiment involving the Haber process 
N, + 3H, —> 2NH,, the rate of reaction was measured as 


Rate = a = 2.0 x 107 mol L! s7! 
t 


What is the rate of reaction expressed in terms of (a) N, (b) H,? 


ISD N, + 3H, — 2NH, 


=4IN3] _ —d[H,]_ +d [NH] 


dt 3 dt 2 dt 
: -—d[N,] 1 d[NH 
a® 6 See FS 3]_ 1 
dt 3% u 7720x100 


= 10% mol L~! s~! 


A» 
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The reaction between Cr, 


- d(H] _ 3. d [NH] O,” and HNO, in an acidic medium jg 


dt > 
a? tel 0.2 + 5H® + 3HNO, — 2Cr™* + 3NO,° + 4H 6) 
3 9x10 =3% 104 mol L's CrO; 3. f 
= x2. The rate of disappearance of Cr,0; is found to be 2.4 x e 
mol L! s” during measured time interval. What will be the 


arance of HNO, during the same time interval) ji 


N 4 ag Ne rate of disappe ior e 
t pa p - -A fp, 7.2 * 10 c. 4.8 x 10% 4.0.8 x 104 j 
The approach to the following equilibrium was caaan a. 2.4% 10 


irect 50.2] 1 -d[HNO 
kinetically from both directions: ` sete ie —d[Cn07 | a i ] 
[Ptcl,]? + H,O <== [Pt(H,0)C1,]° + Cl WGI v. P a i 
ioni APC] d{HNO,] _ 34 [Cr,0,” ] 
At 25°C. it was found that at 0.3 ionic strength — ——— m > : r 
=(39 x 105 st) [PtCl, 
(21 x 10° L mot! s7!) [Pt (H,0)C1,]°[C1°] . d [HNO] _ 3x 2.4% 104=7.2* 10-4 


dt 


r the complexation of the fourth CI® 


What is the value of Å fo 
by Pt at 0.3 ionic strength. 


Fe?* with the chelating agent 


vie APICI -0 The complexation of 
BE At equilibrium, a dipyridyl has been studied kinetically in both the forward 
+ 3.9 x 105 s’) [PtCL,}* = (2.1 x 10 L mol! s~!) and reverse directions. F or the complexation reaction 


complex at 25°C is given by 


For the reverse reaction given above i es 

k =[PtCl,)2-/ [Pt (H,0)CI,]® [C19] Rate = (1.45 x 10!3 L? mol? s~!) [Fe*"] [dipy}’ and for the 
= a reverse of the above equation, the rate of disappearance of the 
= 21x10” _ complex is 


ee 
3.9 x 10 (1.22 x 104 s~!) [Fe(dipy),}°"] r 


TLtusTRATION 4.13 _ What is K,, the stability constant for the complex? I 


| At equilibrium, the rate of forward reaction = rate oi 


Which of the following expressions can be used to describe the 


i T 


instantaneous rate of the reaction? backward reaction 
2A+B—~> AB RR 
„ 1-d[A] i _d[A] | [1.45 x 10!3 L3 mol? s~!] [Fe2"] [dipy] 
2 di at = (1.22 x 104s) [Fe(dipy),]”* ` 
a 1 g. 1 22[A] , 4 [B] pis R [Fe (dipy), 1" _145x10° yx 10 
dt 2 d dt R, [Fe**][dipyP  1.22x107 
a. The instantaneous rate of the reaction can be expressed Calculation of the rate of reaction in terms of chanse of 
by any of the following expressions. pressure per time when the rate of one of the reactants 
1-4[A] | =a [B) o, Z[A2B] or product is given in the terms of moles per litre per 1° 


2 d di di 


Ifthe rate of reaction is given in terms of moles L~! time", the ed 
in pressure may be derived by using gas law equation PV = nl: 


i , , “. Moles per litre volume (=) = = 
Which of the following will react at the highest rate? y RT 
E of A and J mol B in a 1-L vessel Change in pressure (AP) 
- 2 mol of A and 2 mol B in a 2-L vessel n Raie af reaction = RT 


c. 3 mol of A and 3 mol B in a 3-L vegse Change in time (At) 
i | e . ssute 
All would react at the same rate Similarly, if the rate of reaction is given in terms of pr may 


per time, then the rate of reaction in terms of moles pet "° L 
Sol. | be derived as: | 
d. Since all have same concentration of 


react at same rate, See would PV=nRT, — = ao i 
V RE h 
Ny 
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_ 


J = i = 
t mo A RT 


at 273 K 

(g > NO,(8) + O3(8) 

at the pressure of NO(g) falls from 700 mm Hg 

1 250 s. Calculate the average rate of reaction 
(b) mol L! s. 


vog + 9 


wis observed th 
o 500 mm Hg u 


h fo 


(sok NO(g) +089 — NO,(g) + 0,(8) 
| _ Change of pressure _ AP 
a. Average raie = Change oftime At 


-= 700-500 _ 200 
250 250 


200 | 
= —————-_atms 
760 x 250 
= 1.053 x 103 atm s7! 
l 


A(n/V) 4 pl= AP 
b. re molL £ Ar RT 


_ 1.053107 atms 
t (0.082 L atm K™ mol ') (273 K) 
= 4.7 x 105 mol L~! s7! 


The hydrogenation of vegetable ghee at 25°C reduces the 
pressure of H, from 2 atm to 1.2 atm in 50 min. Calculate the 
rate of reaction in terms of change of 

a. Pressure per minute 

b. Molarity per second 


i Rieter: E ee -la 


Time in min 50 
J 0.8 
aie 1.6 x 10 atm min! 
3 b. - Change in molarity may be derived by PV = nRT 
f n P 
y T 


0.0327 


Change in molarity 


Rate of reaction = — 
Time in second 


0.0327 


= =1.09x 105 mol L! s! 
50 x60 1.09 mo S 


For gaseous reactions, the rate is expressed in terms of dPldt 
instead of dc/dt or dn/dt (where c is the concentration and n the 
number of mol). What is the relation among these expressions? 


wae de _ Lje] _Ai) 
dt V | dt 


n 7 
(as c = —, where n = number of moles, V = volume of 
V 


solution) 

Using gas law equation, 

PV=nRT 

y= nRT 

woe tea Ai) 
V RT V RT 

Substituting Eq. (ii) in Eq. (i), we get 


de, 1 (2) 
dt RT\dt 


es 


4.2.1 RELATION BETWEEN DIFFERENT RATE OF 
FORMATION/DECOMPOSITION IN MASS 


Time? 


Relation between the rate of formation/decomposition of any 
one of the reactants/product given in mass time! and the rate of 
formation/decomposition of another reactant/product is required 
in mass time. 

For general formula, 


aA + bB —> cC + dD 
-d[A] _ -d[B]_a[c] _4[D] 
a dt bd cdt ddt 
For example: 
= d|C 
i aa] _ a dlc] mol L! r! 
dt c dt 
-d [A] . ,_ a d[C] Mwof A oii 
a. ——+ 4 in mass f“ = ——— X ———~ mass I 
dt c dt MwofC 
-d{A] . ,_ ad{(D]_ Mwof A = 
in mass f! = — —— xX ————— mass | 
dt d dt MwofD 
Similarly: 
i, -d |B] ree. E b d[C] ` Mw of B mass 17! 
dt c dt MwotfC 
d. =d [B] re b d[D] _ Mw of B mass z~! 
dt d dt Mw of D 


For example, N, + 3H, —> 2NH, 
—d[H,] _ 3 d[NH;] ” Mw of H, 
dt 2 at Mw of NH, 


mass Z~! 


Alternatively: 
3H, = 2NH, 
3x2=2%x 17 
Rate of decomposition of H, (to be calculated) 
Rate of formation of NH; (given) 
_ TotalweightofH, 3x2 _, 
Total weight of NH, ~ 2x 17 = 


ai» 
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In the reaction, 2H,0, — 2H,O +0, | 
H,O, is 0.68 kg hr. What is the 


decomposition of 
The rate of decomp Baia hl? 


rate of formation of O, and H, 


—d[H,02] _ 4 [H0] _ ¢ 102] 
aH dt dt 


d [O] _ 1 -d [H02] > Mw of O, 
a 2 d Mw of H,0, 
1 ay ppt x 32x 107 ke 
= oo g hr 4x10 ke i: 
= 0.32 kg hr! 
d[H,0] _ 2 2402]; Mw of H,O 
dt 2 dt Mw of H,O, 
0.68 kg hr” , 18107 ke 
een 34x10” kg 
= 0.36 kg hr! 


eee 
4.2.2 FACTORS INFLUENCING THE RATE OF REACTION 


There are a number of factors which influence the rate of a reaction. 
Some of the important factors are: 
a. Concentration of the reacting species 
b. Temperature of the system 
c. Nature of reactants and products 
d. Presence of a catalyst 
e. Surface area of reactants 
f. Presence of light 
Let us briefly discuss these factors. 
a. Concentration of reactants: We know that the concentration 
of the reactant is maximum (Fig. 4.1) at the start of the 
reaction and therefore, the rate of change of concentration is 
also maximum. As the concentration of reactants decreases, 
it brings about the corresponding decrease in the rate of 
reaction. This means that the rate of a reaction is directly 
proportional to the concentration of the reactants, i.e., greater 
the concentration of the reactants, faster the reaction. 


b. Temperature: The rate of reaction increases with increase 
of temperature. In most of the cases, the rate of reaction 
becomes nearly double for 10 K rise of temperature. In some 
cases, reactions do not take place at room temperature but 
take place at higher temperature. 


c. Nature of reactants and the products: The rates of 
reaction are influenced by the nature of reactants and 
products. A chemical reaction involves the breaking of 
old bonds and formation of new bonds. The reactivity of a 
substance can, therefore, be related to the ease with which 
the specific bonds are broken or formed and the number of 
such bonds involved. For example, the oxidation of nitric 
oxide to nitrogen dioxide takes place fairly rapidly while 


the oxidation of carbon monoxide to carbon disoxide take 
place slowly: €s 
2NO + O, —> 2NO, (fast 
2CO+0;,——> 2CO, (slow) 
In the above reactions, the reacting species appear to he y 
similar to each other, still they differ in reaction rates. 

d. Presence of catalyst: A catalyst generally Increases the 
speed of a reaction without itself being consumed in th 
reaction. In case of reversible reactions, a catalyst helps to 
attain the equilibrium quickly without disturbing the State 
of equilibrium. 

_ Surface area of the reactants: The larger the Surface 
area of the reactants, the faster is the rate of reaction, Fo, 
a reaction involving a solid reactant or catalyst, the rate of 
reaction depends upon the state of sub-division of the solid, 
the smaller the particle size, i.e., greater is the surface area, 
the faster is the reaction. 

f. Presence of light: In some case, the rate of a chemical 
reaction is considerably increased by the use of certain 
radiations. The photons of these radiations having 
frequencies (v) possess sufficient energies (E = hv) to break 
certain bonds in reactants. For example, the reaction of 
hydrogen and chlorine takes place very slowly in the absence 
of light. However, in the presence of light, the reaction takes 


place very rapidly. 


4.2.3 RATE EXPRESSION AND RATE CONSTANT 


The rate of a chemical reaction at a given temperature may depend 
on the concentration of one or more reactants and sometimes even 
on the concentration of products or some foreign substances. The 
representation of rate of a reaction in terms of the concentration of 
the reactants is called rate law. The rate law for a given reaction has 
to be established by experimental study of the rate of reaction over 
a wide range of concentration of the reactants and products. The 
rate law thus established is also called differential rate equation 
or rate expression. 

Figure 4.2 clearly shows that the rate of a reaction decreases 
with the passage of time as the concentration of reactants decrease. 
Conversely, rates generally increase when reactant concentrations 
increase. So, the rate ofa reaction depends upon the concentration 
of reactants. 


Increasing concentration 
of products 


Decreasing concentration 
of reactants 


Concentration ——> 


Time ——~> 


Fig. 4.2 Graph of concentration versus time 


e A 


Chemical Kinetics 4.15 


eâ, 
„hef 
i roducts. 


The rate expre 


Rate © [A] [BP 
s x and y may or may not be equal to the 


ssion for this reaction 1s 


i) 


ere exponent 


wh niomettic coefficients (a and b) of the reactants. The above 

svat can also be written as 

e m 
Rate =k [AF [BP (11) 
dR] -k [Ay [BP ii) 


dt 
This form of Eq. (iii) is known as differential rate equation, 


where k is a proportionality constant called rate constant. The 
equations such as (ii) and (iii) which relates the rate of a reaction to 
the concentration of reactants is called rate law or rate expression. 
Thus, rate law is the expression in which reaction rate is given in 
terms of molar concentration of reactants with each term raised to 
some powel, which may or may not be same as the stoichiometric 
coefficient of the reacting species in a balanced chemical equation. 

Now, if the concentration of each of the reactants involved 
in the reaction is unity, i.e., [A] = [B] = 1, then substituting these 
value in the above expression, we get 

Rate of reaction =k x 1 x 1=k 
Thus, the rate constant of a reaction at a given temperature may 
be defined as the rate of the reaction when the concentration of 


each of the reactants is unity. 


Characteristics of rate constant 
The characteristics of rate constant are as follows: 

a. Rate constant is a measure of the rate of reaction. Larger the 
value of k, faster is the reaction. Similarly, smaller value of 
k indicates slower reactions. 

b. Different reactions have different values of k. 

c. At a fixed temperature, the value of k is constant and is 
characteristic of a reaction. However, it changes with 
temperature. 

d. Fora particular reaction, the rate constant is independent of 


concentration. 
4.2.4 DIFFERENCE BETWEEN RATE OF REACTION AND 
REACTION RATE CONSTANT 


Following are the differences between rate of reaction and reaction 
rate constant: 


Reaction rate constant 


It is the proportionality 
constant in the rate law 

and is defined as the 
rate of reaction when 
the concentration of the 
reactants is unity. 


Ll Rate of reaction 


It is the speed with 
which reactants are 
converted into products. 
It is measured as the 
rate of decrease in the 
concentration of reactants 
with time. 


It is independent of the 
initial concentration of 


2. | It depends upon the 
initial concentration of 


reactants. reactants. 
3. | Its units are always mol | Its units depend upon the 
L! time”. order of reaction. 


It may be noted that the rate law gives the experimentally 
observed dependence of rate on the concentration of reactants. 
The powers of concentrations of reactants in rate law 


expression may or may not be same as the coefficient of reaction 


in the balanced chemical equation. Thus, we can say that: 

Rate law for any reaction cannot be predicted by merely 
looking at the balance chemical equation, i.e., theoretically but 
must be determined experimentally. 


Some examples are given below: 


oe 


1. | 2NO(g) + O,(g) 
—> 2NO,(g) 


2. | CHCl, + Ch, 
#60, HO) 


Experimental rate 
expression _ 


Rate = k [NO,]* [0,] 


Rate = k [CHCI,] [CL]? 


Rate = k 


3. | CH,COOC,H, — 
[CH,COOC,H,}'[H,0] 


CH,COOH + C,H,OH 


4.3 ORDER OF REACTION 


Let us consider a general reaction 

aA + bB —> Product 

The rate of reaction is given as: 

Rate = k [AF [BP (i) 
where x and y indicate how sensitive the rate is to the change in 
the concentration of A and B. The sum of these exponents, 1.e., 
n = x + y gives the overall order of a reaction whereas x and 
y represents the order with respect to the reactants A and B, 
respectively. Hence, the sum of powers of the concentration of the 
reactants in the rate law expression determined experimentally is 
called the order of that chemical reaction. 

The order of a reaction can be 0, 1, 2,3, and evena fraction. 
A zero order reaction means that the rate of reaction is independent 
of the concentration of reactants. | 

A balanced chemical equation never gives us a true picture of 
how a reaction takes place since rarely a reaction gets completed 
in one step. The reactions taking place in one step are called 
elementary reactions. When a sequence of elementary reactions 
(called mechanism) gives us the products, the reactions are called 
complex reactions. 

These may be consecutive reactions (e.g., oxidation of 
ethane to CO, and H,O passes through a series of intermediate 
ape rea alcohol, aldehyde, and acid are formed), reverse 

side reactions (e.g., nitration of phenol yields 
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o-nitrophenol and p-nitrophenol). In an elementary reaction, the 
reaction takes place in one step. The reaction between H, and I, 


is an elementary reaction as H, and I, molecules collide together 


and separate out as 2 HI molecules. 


At high temperature and in the presence of light, the 
reaction is no longer an elementary reaction and involves iodine 
atoms. 

On the other hand, the reaction between H, and Br, is a 
complex reaction that takes place in a number of steps involving 
both Br and H atoms. 

The definition of the order of reaction is valid both for 
elementary and complex reactions and the order ofa reaction has 


alwavs to be determined experimentally. 


Unit of rate constant 
We have noted earlier the dimensions of rate are equal to 
concentration/time. The SI units for concentration are mol m”, 
mol dm. or mol L~! and seconds for time but other units are 
used depending on how fast or slow is the reaction. For very slow 
reactions. time may be chosen in years and for very fast reactions 
it may be chosen in nano (10°) or pico (107!*) seconds. 
For the mth order of a reaction: 
nA—> Product 
Rate = A{A]”. 
n Rate 
[A]" 
Thus, the dimensions of k are equal to 
Concentration/Time 
[Concentraion]" 


= [Concentration] ” [Time]! 


where n = order of reaction. 


. Taking SI units of concentration (mol L~!) and time (s), the 
units of k for different reaction order are listed in Table 4.1. 


Table 4.1 Units of rate constant 


Reaction Order | Units of rate constant | 
(mol L” | 
my Zero order ( ) x = mol L-! s-! 
reaction S (mol L')° 
b. Firstorder | (mol L’) l _ a 
reaction s m À 
Second ( | =f 
c. order me ) x mol! L s~! 
| reaction 8 (mol L’)? ° i 
| d. “th order (mol L') 9 ] 
| reaction | | ra i (mol L Iya 
| | | = (mol/L)! ” g! 
|| | =o Lg! 


Units of rate constants for gaseous reactions 


a case of gascous reactions, concentrations are expressed in terms 
ot pressure in the units of atmosphere. Therefore, the rate has the 


units of atm per second. Thus, the unit of different rate const 


would be ants 
a. Zero order reactions atm g~! 
b. First order reactions : s7! 
c. Second order reactions atm! s7! 
d. Third order reaction atm? s7! 
e. nth order reaction atm! =”) g! 


The value of rate constant depends upon the following 
factors: 
a. Nature of reactant 
b. Temperature 
c. Catalyst 


Initial Rate Method 


For a reaction 
2NO(g) + 2H,(g) —> N,(g) + 2H,0(8), 
the following data were obtained: 


[NO] (mol L!) | [H,] (mol L!) Rate (mol L s”) 
AP xO, 25x10°> | 3x0 `~ 
| 15x 103 2.5 x 103 9x 105 
3, | 15x109 |. 10x 10% 3.6 «104 


a. Calculate the order of reactions. 
b. Find the rate constant. 
c. Find the initial rate if [NO] = [B] = 8.0 x 107M 


Assuming rate law can be expressed as follows: 
rate = k [NOF [H, P 
By analyzing the data: 
From observations 1 and 2, we see that [H,] is constant 
and when [NO] is tripled, the rate is also tripled. 
Rate « [NO] > x= 1 
From observations (2) and (3), we see that [NO] is 
constant; when [H,] is increased four times, the m° 
also increases four times. 
Rate oc [H,] > y= 1 >r = k [NO] [H,0] 
The order of reaction w.r.t. NO and H, is 1 and the overall 
order of reaction is | + 1 = 2 i 
b. Rate = k [NO] [H,] or using (1) 

3 x 10° =k (5 x 10-3) (2.5 x 10°) or k = 2.4 
c. Initial rate = k [NO] [H,] = 2.4 x (8 x 10°)(8 * 10°) 
= 1.536 x 10# mol L”! S” 


SARA 
ON) 


AM SAL kone 
A.22 
“NOS e ae | wy 


ws 


From the rate laws for the reactions given below, determine the 
order with respect to each species and the overall order: 
a. 2HCrO,° + 61° + 14H® —> 2Cr3+ + 31, + 8H,0 
Rate = k [HCrO,,°] [1°]? [H®}? 
b. H,O, + 21° + 2H® —> I, + 2H,O 
Rate = k [H,O,] [1°] 


a — 
a 


i The order of the reaction with respect to [HCrO 49] ìs 
a. į; with respect to [IF] is 2, and with respect to [H®] is 
2. The overall order of the reaction is 1 +2 +2= 5. 


p. The order of the reaction with respect to [H,O,] is 1 


and with respect to [I°] is 1. The overall order of the 
reaction is 1 + 1 = 2, 


nstant for the reaction, 2N,O0; —> 4NO, + O, is 


The rate CO l Xe ie 
, g x 105 s~". If the rate is 2.40 x 10° mol L~! s~!, then the 


centration of N,O, (in mol L~!) is 


initial Col 


214 b. 1.2 


c. 0.04 d. 0.8 


d. Rate =k [N,0.] 
2.4 x 10-5 mol L7! s*! = (3.0 x 105 s) [N,O,] 


2.4x10> mol L! s7! 


= = 0.8 mol L~! 
3.0x10~ s 


[N,O5] = 


Since the unit of k is s~, hence the decomposition of N,O, 
is first order reaction. 


The decomposition of ammonia on platinum surface follows 
the change 


2NH, —> N, + 3H, 


a. What does -4 [NH] denote? 
dt 


b. What does une and a denote? 
t 


c. If the decomposition is zero order then what are the rates 
of production of N, and H, if k = 2.5 x 104Ms!? 

d [NH3] _ KINH] 

dt 1+ k [NH;] 


the order for decomposition of NH,, if (i) [NH,] is very 
less and (ii) [NH,] is very high? (k, and k, are constants) 


a. The rate of decomposition of NH}. 
b. The rate of formation of N, and rate of formation of H,. 


Le d [NH;] = d [N2] _} d(H] as A[NH,]° 
2 dt dt 3 dt 


d. If the rate obeys — , what will be 


- dIN2] = k=2.5 x 104M s” 


dt 
d [H,;] =3pa3x2 5x10 7.5* 104M s” 
dt 
a JU AN. 


dt 1+ k, [NH;] 
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If [NH,] is very low, then k,[NH,] can be neglected 


-d [NH 
as ki [NH,], i.e., first order reaction w.r.t. 


NH,. 


If [NH,] is very high, we may neglect unity compared 
to k,[NH,] and we have, 


=d(NH3] _ &INHj]_ & 

dt k,[NH,] k, 
It can be seen that the rate is constant, a characteristic 
of zero order reaction. 


The rate constant for the reaction: 


© 
CO, + OH —— HCO,° 
in the aqueous solution is 4 x 10° L mol! s~!. Calculate the 
9 
number of mole of CO, and OH used up per second when [CO,] 


© 
and [OH] are 10 and 107! mol L~!. Also predict the mole of 
HCO,° formed per second. 


-d[CO,]_-d[OH] _ d [HCO;] 
dt d è — dt 


Also the unit of k suggests it to be II order. Thus, rate of 
reaction 


J. Rate of reaction = 


(©) 
= k [CO,] [OH] =4 x 10-3 x 10% x 107 


=4 x 107! mol Ls"! 


For a reaction 3A ——> Products, it is found that the rate of 
reaction doubles. If the concentration of A is increased four 
times, calculate the order of reaction. 


{A Rate = k [Reactant]” ; if [Reactant] = a, rate =r, 


if [Reactant] = 4a, rate = 2r, 


The rate of a reaction starting with initial concentration of 
2 x 10-3 and 1 x 10-3 M are equal to 2.40 x 10% and 
0.60 x 10-4 M s™!; respectively. Calculate the order or reaction 
w.r.t. reactant and also the rate constant. 


| Sol.) (r), =R [49]*, 
(ro) = k [Ag]*) 


h _ en } 
m) [Ap], 


(a is order of reaction) 


a + ae 


ee 


_ a 


——— 
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log (r)i — 108 (o)2 
ra= Top [Agh -glk 


[0.60 x 10] 


log [2.40 x 10“]- log 3 
= _ log [1 x 10 “] 


log [2 x 107] 


4 
T d a =60 mol! Ls"! 
Also. 8 Tap [2x107] 


The reaction 2A +B + C— I DP+ 2E is found to be first order 


in A, second order in B and zero order in C. 
a. Write the rate expression. 
b. What is the effect on rate on increasing the concentration 
of A, B, and C two times? 


a. Rate =k[A]![B}[C] 
b. Let the initial concentration of A, B and C be a, b, and 
c mol L~!, respectively. 
Then, rate r; = k a'b’c® ...(i) 
Now if concentrations of A, B, and C are doubled, i.e., 
2a, 2b, and 2c, respectively. 
r, = k(2a)!(2b)} (2c)? (ii) 


: « tat 
By Eqs. (i) and (ii), “= g < r= 8r, 
2 


C —— Products, calculate: 


For 2A +B + 
(excess) : 
a. Rate expression, using rate law. 
b. Units of rate and rate constant. 


c. Effect on rate, if the concentration of A is doubled and that 
of B is tripled. 


a. Rate =k [A]? [B]! [C]? (Since C is in excess) 
b. Unit of rate = mol L”! time-! 
Unit of rate constant for third order = L2 mol? time"! 


c. Let initial concentration of A, B, and C be a 
respectively. 


Ka ři = k(a)’(b)'(c) 
Now, [A] = 2a; [B] = 3b 
T= K (2a)? (35)! (c)? 


’ b, and C, 
...(i) 


(ii) 


By Egg. (i) and (ii). 2 = 1 
tu), n 12°72 ler, 


i on: 2NO(g) + Cl,(g) —> 2NOCI(g), becomes 

concentration of Cl, is doubled. Howeye, 
tion of both the reactants are doubled, the 
5, What is the order w.r.t. NO and wrt 


The rate of reacti 
doubled when the 
when the concentra 


rate becomes €i ght time 
chlorine? What is the total order! 


Sa 2NO(e) + CL(g)— 2NOCI(g) 
Let the rate of reaction 1S 
t= K{NOJ*.[Cly] 4 
r,=2r, =k (No}*.[2Cl,]}° “i 
r, = 8r, = k p2No}*(2ClP „Gù 
n 2h k[NO} [2Cla} Q=- 
jo ñ k{NOF [Cl 


Similarly, divide Eq. (iii) by Eq. (1) 
k[2 NOÉ .[2C1,] 


A _ i - 
no ñ k{NO}* [Cl 
8 = (2)*-(2)P 

8 = (2)*-(2)' 

4=(2)* 

(2)? = (2) 

a=2 


» r=k[NOP[CL]! 

Order w.r.t. NO = 2 

“. Order w.r.t. Cl, = 1 

Overall order of reaction = 2 + 1 =3 


Show by using rate laws how much the rate of reaction 
2NO(g) + O,(g) —> 2NO,(g) will change if the volume of the 
reaction vessel is diminished to 1/3 of its initial volume. 


Sol.) 2NO(g) + O,(g) —> 2NO,(g) 

Using rate law, as given theoretically, i.e., 
rı = kK[NOP[0,] 
When the volume is reduced to one-third of initial value, 
the concentration or partial pressure becomes three times. 


2 r, = k [3NO}[30,] 


r- 
nsa 
'i 


r= 27r] 


What would be the effect on the rate of reaction due to the four- 


fold i i i 
increase in a reactant concentration, if the order of reactio” 
were the following: 


a. Zero order 
€. 1/2 order 


b. First order 
d. Fourth order 


When 1! = 0 
ry = KAT 
r= k[4A]? 
` = r,, (No change in rate) 
| P, 
» n= MAT’, 
When n= 1.7) = k{A]!, r; = k[44]' 
n _ kx4[A] 
no kx[A] 
r, = 4r, > 4 times 
l 
` l3 = k[44]? 


u| = 


l 
o Whenan= zo rT k[ A] 


— 


rs ia) 
e s 
j 


c r, = 2r, > 2 times 
d n= Ay; n= k{4A]*; when n = 4 
n _ k{4y'L4y 


i RAT 
r= 256r, = 256 times 


The experimental rate law for the reaction S,O,” (aq) + 21°(aq) 
—+2S0,2-(aq) + L(ag) is 
k [5-0] [I°]. How would the rate change if 

a. Concentration of SO,” is halved. 

b. Concentration of $,O,*" and I° are halved. 


a r,=k[S,07] [1°] 


Dat -1 
r "aa ga 
2- [10 
b. r= |50 i 
2 2 
h |] 
no 4 


For the reaction A + B —> C + D, doubling the concentration 
of both the reactants increases the reaction rate by 8 times and 

| doubling the initial concentration of only B simply doubles the 
Teaction rate. What is the rate law for the reaction’? 


‘Sol For the reaction A + B——> C + D 
Rate of reaction: 


r= KAY [BP „0 
r= 8r, = k[2AF [2BP (i) 
r, = 2r, = KAF [2B ... (iii) 


Dividing Eq. (iii) by Eq. (i), 
2r, ALA’ (2B) 

j RAY [BP 
(2)'=Q2y or y=1 
Dividing Eq. (ii) by Eq. (i), 
87, k[2AF [2BP 

D kAF [BP 
8 = (2Y (27 
8 = (2)* (2)! 
4=(2% 

(2)? = (2¥ 
x=2 
r= KAP [B] 


For the non-equilibrium process, A + B ——> Product, the rate is 
first order w.r.t. A and second order w.rt. B. If 1.0 mol each of A 
and B were introduced into 1.0 L vessel and the initial rate was 
1.0 x 10-2 mol L~! s“!, calculate the rate when half the reactants 
have been turned into products. 
4 r=k{A] [BP 
10-2 = k{1.0] [1.0] 
k=102 Lmol! s! 
When half of the reactants have been turned into products, 
the concentration of A and B left are 0.5 mol. 
~. r= k{0.5] [0.5]? = 10° x 0.5 x 0.5 x 0.5 

= 1.25x 103 mol Ls! 
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The rate constant is numerically the same for three reactions 
of first, second, and third order. Which reaction should be the 
fastest and is this true for all ranges of concentrations? 


“Sol A —> Product 


ri =k [A] for first order 
r,=k[A? for second order 
r, =k [A] for third order 


k is same in all. 

If [A] = 1, a ie a 
If [A] < 1, Ripe 
If [A] > 1, hy >t, 


The rate law for the following reactions: 
Ester + H® —> Acid + Alcohol, is 
dx/dt = k(ester) [H,O®]° 


What would be the effect on the rate if 


a. Concentration of ester is doubled. 
b. Concentration of H® ion is doubled. 


y iN 
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Bi a. r= k [Ester]! [H,0°]° 
r =k [a]! [b]? 
r, = k [2a]! [b]? 


CONCEPT APPLICATION EXERCISE 4.1 


1. A reaction, 3X —> 2Y + Z proceeds in a closed vessel. 
The rate of disappearance of X, — A[X] /At is found to be 
0.072 mol L~! s™!. Calculate 

A[Y] and A [Z] 


At At 


2. A chemical reaction 2A —— 4B + C in gas phase occurs 
in a closed vessel. The concentration of B is found to be 
increased by 5 x 10° mol L~! in 10 s. Calculate (i) the rate 
of appearance of B and (ii) the rate of disappearance of A. 


3. The rate of formation of second order dimerization 
reaction is 5.8 x 10 mol L~! s“! at 0.01 mol L~! monomer 
concentration. Calculate the rate constant. 

4. How can we express the rates of the following reactions in 
terms of concentration of reactants and products? 

a. 20, =— 30, 

b. 2NO + Br, == 2NOBr 

c. 2ICI(g) + H,(g) —> L(g) + 2HCl(g) 
5. For the reaction, 

N, + 3H, — 2NH, 


the rate of reaction measured as was found to 


A[NH,] 
At 


be 2.4 10% mol L~! s~!, Calculate the rate of reaction 
expressed in terms of (a) N, and (b) H. 

6. The reaction 2N,0,(g) SS 4NO,(g) + O,(g) 
takes place in a closed container. It is found that the 
concentration of NO, increases by 1.6 x 10-2 mol L-! in 
4 s. Calculate the rate of reaction and the rate of change of 
concentration of N,O,. 


7. For a reaction: 2P + Q E , 

i i25 fi J - 

collected. ollowing data were 

l P(mol LAY) | Q(mol L7) | Rate (mol L- min-!) 
~ 6x10" 1102 F 0o02 
ii. | 6 x 10-2 2 x 10-2 0.0024 

iii.| 12 x 10-2 2 | l 

a 1x10? | 0.0024 

alculate the overall order of the reactian Aloe ena 

the 
the reaction rate ola reaction. Also find out 


— = i 


8. The rate of reaction: A + B—> Products is studiedty.. d 
the following data. č  ž  ž oo Rive r, 
Initial [A] | Initial [B] Tate | 
in (mol L| in (mol) (mol tig) 
0.01 0.01 0.005 ~~} sf 
0.02 0.01 0.010 j 
0.01 0.02 0.005 


What is the rate law? l f 
9. A 22.4-L flask contains 0.76 mm of O, at 25°C, Calculate; 
a. The concentration of oxygen atoms needed so thes W 
reaction j 
O +0, —> 20, ; 
having rate constant (k) = 1.5 x 107 L mob! și A 
proceed with a rate of 0.15 mol L~! s~!, 


b. The rate of formation of O, under this condition. 


ANSWERS 


AY] aizi 


1. == = 0.008 mol bs = 0.024 mol L! 5“ 
t 


2. a. 1.25 x 10% mol L~! s7! 
3. 5.8 x 1072 mol Ls! 
1 -d[O3]_ 1 d[O,] 


b. 2.5 x 10% mol L- g! 


4. a 
2 dt 3 dt 

p. 1-4[N0]_1 -4[Bņ]_ 1 d [NOB 
2 dt 2 dt 2 dt 


1 -da [ICI] _ -d [H,] @[I,]_ 1 d [HC] 
2 dt A d 2 d 
5. a. 1.2 x 104 mol L7! s7! b. 3.6 x 107 mol L! s” 
6. Rate = 1.0 x 103 Ms"! 


d [N,0;] f 

= =0.5 X 103Ms"! 
7. k=2 L mol! min! 8. Rate = k [A] [B]? 
9. a. 4.5 mm 


b. 0.30 M s`’ 


4.4 MOLECULARITY OF REACTION 


Most chemical reactions proceed through a series of elementar 
reactions. These elementary steps are classified according t0 the 
number of molecules which they involve. Thus, the number °! 
reacting species (atoms, ions, or molecules) taking part in a 
elementary reaction, which must collide simultaneously in order 
to bring about a chemical reactions is called the molecularity 0 
reaction. Hence, the molecularity is simply the sum of molecules 
of different reactions as represented by the balanced chemici 
equation, for example, decomposition of ammonium nitrite © 
unimolecular. 

NH,NO, —> N, + 2H,O 

Bimolecular reactions involve simultaneous collisio® 
between two species, for example, dissociation of hydrogen ii 

2HI —> BEL 


n thre 


i a{we? 
2 
i robability that 1 
: . 
sly 1S Ver 

act „jmultaneously is very 

ae an 3 is not observed. 
e, evident that complex reactions involving 

8 


greate for 
g s< there S , ® 
His jecules in a stoichiometric equation must 


than three mo 
7 lace in more than one step. 
“ce , 6FeSO, + 3H,SO, — KCI + 3Fe,(SO,), + 3H,0 
pi on reaction which apparently seems to be of tenth 
a second order reaction. This shows that the above 


nore than three molecules can collide 
small. Hence, the molecularity 


ctually 
place in several steps. 


lementary step involves quite different type of 

sons. so each step will occur at its own distinctive rate. Some 
on om will be very fast while others will be slow. If one 
a m place much more slowly than all other steps, it will 
definitely control the overall reaction rate. This is called the 


ordet isa 
action takes 


Since each e 


rate-determining step. 

The concept of the rate-determining step is similar to that 
ofa car factory. The different sections of the factory manufacture 
diferent parts such as engine, seats, car body, etc. The rate of 
seduction of cars per day depends upon the slowest working 
section of the factory. Thus, the molecularity of a reaction must 
always be a a whole number whereas the order of reaction can 
be zero or fractional also. Generally, in a complex reaction, the 
order of reaction is equal to the moleculaity of the slowest step, 
vet the order of any reaction (elementary or complex) is always 
dciermined experimentally to find out the exact power of the molar 
concentration of each reactant on which the rate of reaction actually 
depends. 

Generally, the order of an elementary reaction is equal to its 
molecularity, However, if the conditions of pressure or concentration 
ze Changed, the order may not be equal to the molecularity because 
a oe case the reaction may not take place in one step, i.e., may not 
anann an elementary reaction, but may become a complex reaction. 
“© example, a unimolecular raction is of first order at hi gh pressure 
"Lat low pressure, it becomes of second order. 


Te : 
ble 4.2 Difference between molecularity and order of a 


reaction 
Molecularity Order 
l. Iti e RIT 
*the number of reacting 1. It is the sum of powers of 
Specjec : j 
p les undergoing the concentration terms 
simult; e. l , : 
ultaneous collision in on which the rate of reaction 
an e] N | PR 
“mentary or simple actually depends or it is the 
reaction, 


sum of the exponents of the 


| concentration in the rate law | 
= 


equation. 


~ 
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| 2. Itisa theoretical concept I2 It is determined 
and can be calculated by entally only and cannot be 


by simply adding the mole- calculated. 


experim- 


cules of the solwest step. 


Bi It need not to be a whole 
number, i.e., it can be 
fractional zero or integer. | 

4. It is applicable for eleme- 4. It ts applicable for both 
ntary reactions and has no elementary as well as 
meaning for complex react- complex reaction, i.e., it is 


3. It is always a whole number 


value only, i.e., 1, 2, 3, ete. 


| 


ions, i.e., it is only the for overall reactions 
slowest step whose and no separate steps are 
molecularity has signific- | written to obtain it. 


ance for the overall 


reactions. | 

5, For simple reactions, it can 5. Even the order of a simple 
be obtained from the reaction may not be equal to 
stoichiometry of the the number of molecules of 
equation. the reactants as seen from 


the balanced equation. 


6. Reactions with moleculari- 6. Reactions with order > 4 


ty 2 4 are rare. __are also rare. 
7. It is independent on 7. It depends upon pressure 
pressure and temperature. and temperature. 


-L 


Note: For an elementary reaction, the order of reaction should 
be equal to the molecularities, and further molecularities 
should be integral. 

For example, the rate law for the reaction: 
H,(g) + Br,(g) —> 2HBr(g) 


l 


is CABI _ (A JBn] 


dt 
If the reaction were elementary, the reaction rate would 
involve one molecule of H, reacting with one molecule of 
Br, to give the bimolecular rate law. 
d [HBr] 
dt 


Since this is not the observed rate law, the reaction is not 
elementary, 


= k[H,][Br,] 


4.5 ELEMENTARY AND COMPLEX 
REACTIONS 


lhe rate of reaction 


does n — ; 
coefficients of the reac a a stoichiometric 


other words, a bal n k balanced chemical equation. In 
> “ Salanced chemical equation does not give a true 


Picture of how a reacti 
: Caction takes place. Th it i 

. Thus 
reaction may completed in one step D iii 


V “aN 
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The reactions taking place in one step are called elementary 
reactions. The reactions which do not take place in one step are 
called complex reactions. The different steps in which a complex 
reaction takes place is called a the mechanism ofa reaction. Each 
step of the mechanism of a reaction is an elementary reaction. 

According to the “collision theory,” a reaction takes place 
when the atoms, ions, or molecules of the reactants come closer 
together simultaneously and collide with one another. 


4.5.1 TYPES OF ELEMENTARY REACTIONS 


In many reaction mechanism, the following type of elementary 
reactions are involved: l 

a. Opposed or reversible elementary reactions 

b. Side or concurrent elementary reactions 

c. Consecutive or sequential reactions 


Opposed or Reversible Elementary Reactions 


Opposed or reversible elementary reactions are those reactions 
in which both forward and backward reactions take place 
simultaneously. At the start, the rate of forward reaction is very 
large and it diminishes as the concentrations of reactants decrease 
with time. On the other hand, initially the rate of backward 
reaction is slow and it increases as the concentration of products 
increases with time. Very soon a stage is reached where the rate 
of forward reaction becomes equal to that of backward reaction 
and thus no further net progress is observed. This state is known 
as equilibrium state. 

Let us consider a reversible reaction: 

A ae B 


where k, and k, are rate constants of forward and backward 
reactions, respectively. 


The rate at which the reaction proceeds will be given by 
Rate or reaction = Rate of forward reaction — Rate of backward 
reaction 


l -d [A] _ d [B] 
i.e., a = 5 =k 1A] - 4B] i) 


Let the reaction be started with only reactant A. 
Then at time (f) 


[A], = [A] + [B] or [B] = [A], - [A] 
a Sel. k. [A 
J t [A] —&, ([A] - [A]) 
-d [A] 
a 7 Est ky) IA] -4 [A], 
At equilibrium 
d [A] l 
Fa = 0, hence Eq. (i) reduces to 
Ke[A]., = 4 [Bl 
ke [B] 


ka k, TA] 


That is, the equilibrium constant is si i 
, s simply the ratio of forwa 
backward rate constants. i 


Side or Concurrent Elementary Reactions 


Sometimes the products observed are formed by the są 


: me 
undergoing more than one reaction. Teactant, 

For example, a-p-glucose and B-p-glucose are fo 
solution from the aldehydic form of D-glucose 
following the different reactions. 


Let us consider a reactions in which A is 


Med inthe Pi 


tan I 
eo ip 
\ | H 


converted into B and C by two different reactions jA 
at the same time. g Xo 
Rate of consumption of A in A——> B conversion 
_ (°) = k, [A] = Rate of reaction 
dt / 
Similarly, rate of consumption of Ain A > C Conversion 
A 
2 (aa) = k, [A] = Rate of reaction 
dt /2 


Therefore, the overall net rate of consumption of A or net rate 


-d [A] _ (24) (=) 
l 2 


reaction = 


dt dt dt 
—da [A] _ 
a k [A] + kK [A] 
= [k, + k] [A] 
= Koverall [A] ~(i) 
where koverall =k 1 + k, 


Integrating Eq. (i), we get 

[A] = [A] e (kl + k2)t 

Also, from the rate equation: 
d|B] d[C] 


~ +k [A T 
g; 7 tH IA] and = =+ kA] 


Substituting the value of [A] (t) in the differential equation | 

for [B] and [C] and integrating, we get 
t 

[B] = [Blo + fk [A] eth +k)t dt 
0 


kı [A] 


= |B 
ii (ki + ky) 


(1 Pai e` 5 tiay 


t 
and [C] = [Ch + fk, [AJ eki +k t 
0 


kı [A] kak 
= [Ch — EH _ q plk tk) 
ay a 
Also, if [B], = [C] = 0, we get: a = A 
2 


Consecutive or Sequential Reactions 
‘ate 

In many reactions, the reactants form a stable intermedi 

compound before they are finally converted into the products. 


‘ch iD 
example, reactant A is first converted to intermediate B which 
turn is converted to product C as: 


A —»B (Step J) 
B —2-5 C (Step II) 
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the initial concentration of A be [A], and let after time /, 
Let tration of A, B, and C be [A], [B], and [C], respectively. 
he a m Eq. (i) that B is produced by step I and consumed by 
pris clear ae reactions, each stage will have its own rate and rate 
eph ie we start with pure A, its concentration will decrease 
\ zonstant The concentration of the intermediate will first increase 
with ae wulates and reaches a maximum value. After attaining 
sll mn value, it decreases and decays to zero concentration 
maximu! rted to the final product. The concentration of the 
tC will always increase. These results are shown in 


| d is conve 
y produc 


X 


Concentration ——> 


Time ———> 


Fig. 43 Concentration profile of reactants (A), intermediate (B), and 
products (C) as a function of time 


The differential rate expressions are: 


d[A P 
Al =- k [A] ...{11) 
d 
AS = +kIA]- kB) (ii) 
d[C ; 
. Pa =+% [B] (iv) 
On solving the above differential equations, we get 
[A] = [A], e" V) 
[B]= [A], i (e! _ er) ...(vi) 
pa | 
[C] = [Al], f + fee | ...(Viii) 
k, —k, 


[B] is maximum, when a) 0 
dt 


ifferentiating Eq, (vi) with respect to t, we get 


t= k 2.303 k 
max © ———— In (2 = lo K 
h -k A k, — kı i k 


Thus, at p= 203 (k a 
alt= ——_ log | — |, [B] is maximum 


fo! | Study of nortan conclusions can be derived from the 
if derivin Ove elementary process which forms the basis for 
O | ate a) rte differential rate laws of complex reaction. These 
the g i © slowest elementary process (i.e., the process having 
"action a tate constant) is the rate-determining step of the 
aU lhe Teactiy ©) the steady state approximation which states that 


lve : f 
Intermediates are present at constant concentrations. 


4.6 MECHANISM OF A REACTION 


In case of complex reactions, i.e., reactions involving a large 
number of molecules of the reactants according to the balanced 
equation, the chances for all the molecules to come closer and 
collide simultaneously are rare. Hence, in such cases, the reactions 
are supposed to take place in a number of steps. 

A series of step reactions or elementary reactions proposed 
to account for the overall reaction is called the mechanism of the 
reaction. 

The step reactions are usually written based upon 
experimental evidences, e.g., the detection of the presence of some 
short-lived intermediate (mostly atoms or unstable compounds), 
etc. However, a complete certainty of the steps is rarely possible. 


A rate-determining step (1.e., slowest step) involves the 
molecule on which the rate of reaction actually depends as 
observed experimentally and written in the rate law equation. 
Moreover, the sum of step reactions must satisfy the overall 
stoichiometry of the reaction. 


Following examples illustrate the concept of mechanism 
more clearly: 


a. Decomposition of H,O, which is catalyzed by I° ion in 
basic medium 
Je 


2H,0, Alkaline medium 2H,0 i O, 


The rate equation for this reaction is found to be 


Rate = = [B05] 7] 


—d [H,0}] 
dt 
This reaction is of first order with respect to both 


H,O, and I°. Evidences suggest that this reaction takes 
place in two steps. 


. H,O, + IS —+ H,O + I0® (slow) 
ii. H,O, + 10° —> H,O+1© +0, (fast) 
"ooo Ă—— 

2H,0, — 2H,O + O, (net reaction) 


Both the steps are bimolecular elementary reactions. Species 
IO® is called as an intermediate since it is formed during 
the course of the reaction but not in the overall planeo 
equation. The first step, being slow, is the rate-determining 


step. Thus, the rate of formation of intermediate will 
determine the rate of this reaction. 


All the steps taken together give the mechanism of 
the reaction. The sum of the equations for the separate 
consecutive steps give the overall reaction. 


b. Reaction between NO, and CO 
NO,(g) + CO(g) — NO(g) + CO,(g) 
Rate = &[NO,}* 


The experimental observations reveal that the rate of reaction 
is proportional to the square of the concentration of nitrogen 
peroxide. This indicates that the rate- determining step in 
the mechanism of this reaction must be independent of the 
concentration of CO. Keeping this in mind, a mechanism 
of the reaction may be suggested as: 


a”, . ae 


o o Deliver time 


. —— . 
Message with postman Message with 
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Step 1 NO, + NO, (Fast) 


Step 2 NO, +CO aa ee -eaction) It is obvious that the first step is s0 slow that nearly all th 
(Net reacHo n by it and hence it 1s rate determinin i 


NO, + cO— CO, + NO time is take ive in Londan sends th g. In the 

bove reaction proceeds through two steps second case, the sender 10. © Message p 

AR Il reaction is determined by the first telegram which is then delivered by the postman in New 
C afg ree S . . F 
paa a r of the two steps. Accordingly, the Delhi. We can now write the two steps: 


step which is the slowe 


l Telegram 
experimentally observed t 


ate of the reaction Is g pene r ———— Message in New Delhi 


Message with sende 


Pa } ° aA — N 5 2 D li ti 
expression: Rate K[NO,] ne aih postman eliver time Message a 
receiver 
ECHANISM OF REACTION 
4.6.1 APPLICATIONS OF " i first step is very fast and take 
' In this case, the first step S only a few 
The most important application of studying the order of a reaction seconds and the rate- determining step is the time taken by 
is to use it in establishing the mechanism of the reaction. the postman to deliver the massage. | 
a. Reaction involving two first order consecutive steps In the reaction: 3CIO° —> CIO,° + 2CI®, various Steps |, 
In such reactions, a reaction takes place in two steps both a 
of which are first order. Clo® + Cloe —> C10,® + CIO (slow step) 


(rate-determining step) 


R —> 1() 
cio, S tOO- CIOFF CIF (fast step) 


I —P (il) 
Now intermediate I is produced by step I and consumed Rate =k, [C109] 

by step II. The intermediate I accumulates and reaches a c. Reactions for which steady state hypothesis is valid 
maximum after which it decays to zero concentration and A reaction may take place in a number of steps and may 
is converted into the final product as shown in Fig. 4.4. have several intermediates. In the steady state hypothesis. we 


assume that the intermediates are so reactive that after a brief 
initial period (called induction period) their concentrations | 
rise from zero to a small value and remain constant for 
most of the duration of the reaction, 1.e., we can assume 
that change in the concentration with time for these reactive 
intermediates is zero. This assumption is very helpful ior 
deriving the rate expression for complex reactions. 


Concentration ——~> 


d. Reactions involving intermediates in equilibrium with 
the reactants 


Time——> 3 
e Ae i. In some reactions specially involving H®and OH, ther | 
, iain ti- = (reactant), I (intermediate), and P (product) is an equilibrium established between the reactants 3 | 
both forward and reverse reactions have very large ate 
b. Reactions involving slow steps constants. The intermediate thus formed reacts so slowly 
If a reaction takes place by a sequence of steps and one of that the equilibrium concentration of the intermediate 
es is alow, then the rate-determining step is the slow Is not diuid much. For example, the displacement 
ie Pains of this step may be slow either due to low of C,H;0° from o-hydroxy-amino ethyl benzoate 5 | 
value of the rate constant or a | i x . . S | 
Manot ou concentration of one or catalyzed by OH. The following mechanism has pesn | 
i ng species in that elementary reaction. For suggested : | 
example, in the reaction | 
4 
if k, << ational: H— OH 
Wk, k,, then I is converted into the product as soon as it 2 “No® 0 | | 
is formed and we can say + OH AL +H; i 
-@{R] _ @[P] __ C—ORt ~ C—OEt | 
dt a lI I | 
This can be understood easily by the following a al O 
Suppose a message i to be sent & analogy, (I) 
In the first 6°18 to be sent from London to New Delhi H 
Case, a person writes a letter and conde : H 
and then the postman delivers this PAR seme aad N | 
e seco 5 
The two steps can be written as: nd person. Noe , NS P 
3 Et 
Message with sender —_By post “. © 9t 
T . — 
~ => Message in New Delhi i met oe 
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h ;, is much smaller than k, and k,, and therefore the 
equilibrium en of the intermediate is given by 
K _ k [Ester] [OH] 
` hy k, 
N ; k, k © 
ny! Rate of reaction = AU X [Ester] [OH] 
N 2 
A © 
) = k, [Ester] [OH] 
Y This is a second order reaction, but the overall rate 
| constant involves all the three rate constants, or we have 
kk, 
th ko i b 
“Uh 
Mechanism of the reaction is: 
i A. = 2A 
) 42B, > C+B 
B-A. 2» C+A 
-d[Aj] .. -4TAl ,. @[B] ic 
È > be at —_—— (o0 — (d) —— 
What is (a) z (b) i O; (d) 7 
J 


a. 


ae = k[A,] - 2k [A]? + k[B] [Ag] 
A = 2k [A]? — k{A,] + k, [A] [B7] - 4 [B] [Ay] 
a = k, [A] [B,] - k [B] [Ag] 


d [C] 


d. —— =k [A] [B,] + k% [B] [A7] 


dt 


Mechanism of the reaction is: 
Ap 24—253 C+D 


Whatas —— = 


AfA], 
dt 


-d [A 
So AA = k [A] + 2k [A] 


What is — = 


. 7 i h 
Mechanism of the reaction is: k 
D 


-d = 


Sol. as = k [A] + k [A] + IA] 
t 


=[A] (A, + k, + ks) 


Mechanism of the reaction is: 


k 
A E B (i) 
B+A R.. a” C ...(ii) 
TA» C (iii) 
What is (a) ——— TA ; (b) ate ; (c) a} { 
dt dt 


a. Rate of disappearance of [A] = aM 
From step (1) = ki [A] - k [B] 
From step (2) = k,[B] [A]. 


| AAI = kA] - 6B) + & [B] [A] 


a = k, [A] - k&[B] - [A] [B] 


AIC} -KIAJ [B] 


Mechanism of the reaction is: 


A+B 25C 
A, +C —> D+A 


Ata, 1A, d(C) 4D, 


What is (a) —-——; (b) ——; © ae @) —, 


a Al <4 fay) 24 (AP + HAD 
i = =“. = 2k, [A] — ky[A,] + & [A] [B] MAG] [C] 
c. A = k [A] [B] - MAJ] [C] 
d. 1 = k[A,] [C] 

2N „O, —> 4NO, + O, 


nedbrud e| = k [N,O;] 


at 


JNO ENOJ 


What is the relation between ki Kz, and k,? 
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d [O] 
—d [N,0;] = d(NOo] _ 2 
sat  4dt t 
k, [N,Os] k [NOs] _ KsIN2Os] 
it ae l 
2 
Multiply by 4, we get 


k 
2S0, + O, — 2S0, 
What are the expressions for the rate 
backward reactions? 


IROP Rate of forward reaction, R, = k [SO,} [0] 
Rate of backward reaction, R, = k,[S0;]? 


law of the forward and 


Mechanism of the reaction is: 


a ee NS 


ee Nee 
/ Bk 
k A2 


A3 
«ci. ALA d [A d [A d [A 
What is (a) a ; (b) a ; (c) dl ; (d) Hal = 
for same time? 
“Sol 
-d [A] 
a. a =[k+2k+3k+... + nk] [A] 
=(14+24+3+.... + n] [k] [A] 
2 
d[A, | 
b. 1 = 
i k [A] 
(6 d[A,] Z ak [A 
dt ] 
a SATA) E 
“ia me kta] n(n+l) 
The rate law for the decomposition of gaseous N,O,, 


N,05(g) —> 2NO,(g) + Lo 


(g) is obse o be: 
> rved to be: 
js SIMO 

dt Er KIN 205] 
A reaction mechanism w 
with this rate law is 


N,0.(g) 


k 
eo i NO 
(8) T NO- (g) 


hich has been Suggested to be consistent 


(fast equilibrium) 


Oe Slt 


NO,(g) + NO3(8) —+ NOE) + NOW) + Olp) (slow) 
NO(g) = NO,(g) 2 2NO,(8) (fast) 


Show that the mechanism 1s consistent with the Observed; ate ay 


Sol. r =k, [NO,] [NO] 


and from the fast equilibrium step, 
[NO,][NO3] 

keq = [N7205] 

Thus, [NO,] [NO;] = k[N,0;] 

Using Eq. (ii) in Eq. (i), we get 

r= k,k.gIN2Os] = k[N,O.] where k= k, keg 


“fi 


Ai 


This shows that the mechanism is consistent with the 


observed rate law. 


The termolecular reaction 


2NO(g) + H,(g) —> 2NOH(g) is found to be third order obeying 
the rate law r = A[NO}? [H,]. Show that it is consistent with either 


of the following mechanisms: 


ke 
a. 2NO(g) === N,0, (g) (fast equilibrium) 
k' 
N,0,(g) + H,(g) ——> 2NOH(g) (slow) 
k' 
b. 2NO(g) + H (g) === NOH,(g)_ (fast equilibrium) 
NOH,(g) + NO(g) —““-y 2NOH(g) (slow) 


a. Since the slow step is the rate-determining step, 
Hence, r = k'[N,0,] [H,] 
= r= kq NOF [H,] = KNOR [H] 


Proceeding as in (a) above, we have 
r=k" [NOH,] [NO] 
and from the fast equilibrium step, 
keq ~ N2903] or [N,O,] = J 
[NOP °F t292] = keg NOY 
and from the fast equilibrium step, 
p — [NOH] 
"| [NO][H,] °F NOH], = ¥,, [NO] [Hi 


TY kq (NOP [H,] = k [NOP [Hb] 


(where k= 


or and elementary reaction 


2A =A. 
hy B, the rate of disappearance of A is equa! © 
a. “rap 
k, b. — 2k [A] + 2, [B 


c. 2k [AP — 24 [B] d. (2k, - k) [A] 


(where k= ky) 


Kd) | 


i f reaction = 


-LAN KJA - B] 


hl e Rate j 
‘| \ . Rate of disappearance ofA 
A = 
«| -dAl -2k [AF - 2k [BI 
df 


| 
| yllowing reactions: 


consider the follow 
` ‘| ik 


, A+B =e 
Wig i i. C c+B 2» D 
menk [AJIB] - k [C] - k I[C][B] is equal to 
=| [A] b. —d [B] 
a. a Eo 
d [D 
ae a, 40! 
i dt 


t 
Sl 


7 Rate of C = k, [A] [B] - k [C] 
= C+B 22-555 
vE Rate of disappearance of C = — k, [C] [B] 
(iw => Net rate of C 
=k, [A] [B] - k; [C] - 4% [C] [B] 
sen 
dt 
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The rate expression of some reactions are given below. Propose 
2 probable mechanism of each of the following reactions: 


a. 2N.O, — 4NO, + O,; Rate = k [N,O,] 
b. 2NO, + F, —» 2NO F; Rate = k [NO,] [F,] 


a. Rate =k{N,O,] 

N,O, —22-+ NO, + NO, 

NO,+N,0, —* , 3NO, + O, 
i? a2 eee eerie 
2N,0, —> 4NO, +03 __ 

b. Rate = k [ NO,] [F;] 
NO, +F, ou NO, F+F 
F + NO, — =" NO,F 


2NO, + F, —> 2NO,F 
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In the following reaction: 


2NO(g) + O(g) e a 2NO,(g), 
What is the predicted rate law, if the mechanism is 


NO +0, == NO, (fast) 


NO, + NO pee. aa NO, + NO, (slow) 


Sol. Rate law, according to the slowest step is: 
r= k, [NO,] [NO] (1) 
First step is in equilibrium. 
anA, 
“4 [NO][O;] 
“. [NO,] = k,, [NO] [02] 
sihatituting ihe value of [NO,] in Eq. (1) 
r= kik, [NO] [0,] [NO] = ¥ [NOF [02] 


A reaction is found to proceed in two steps as A + B—> E 
(slow); A+ E—> C+D (fast). Write the law expression and 
overall balanced equation. 


2 (slow) 
A+E—> C+D (fast) 
The overall reaction 

2A+B—>C+D 

Since the slow step is the rate-determining step, 

<. r= k [A] [B]. 

A chemical reaction proceeds as follows: 

A + C—>D+F (Slow) 
F+B-—xG (Fast) 
G + C—> E (Fast) 


Suggest rate law; overall under; units for rate constant; and 
overall reaction. 


BID A+C—+ D+F 


(Slow) 
P+B >G (Fast) 
G+C—> E (Fast) 


A+B+2C—>5D+E (The overall reaction) 
Slowest step is the rate-determinig step. 

- r= k (A) [C] 

Order of reaction = 1 + 1=2 

Units for Á for second order = mol! L s~! 


For the chemical reaction: 


SBr + BrO,’ + 6H® —> 3Br, + 3H,O 
Rate = k [Br ] [BrO,9] [HEF 
What is the moleculari 


apet ty and order of reaction with respect to 


— la 


+ 3H,O 
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Sol 5Br° + BrO, © + 6H® — 3Br, 


Molecularity w.r.t. Bro = 5 
Rate = A[Br°] [BrO,°] [H°] 
Order w.r.t. [Br°] = 1 


For the chemical reaction: 
Je + OCIS —— cle + OIP 
_k oct ] i ] 


[OH] 
a. What is the order and molecularity of the reaction? 
b. In the above reaction, what are the molecularity and order 


(©) 
with respect to [OH]? 


k [OC1® 
a. Rate- HOCH IA] 
[OH] 
Order of reaction = 1+1-—1=1 


Molecularity of reaction = 1 + 1=2 


© 
b. Molecularity w.r.t. [OH] = 


© 
Order w.r.t. [OH] = -1 


The chemical reaction 20, A, 30, proceeds as follows: 


k 
0, = 0,+0 (fast) 
k 
0+0, — 20, (slow) 
What should be the rate law expression? 
ED 20, — 30, 
Mechanism: 
k 

0, — = 0, +0 (fast) 

, k 
0+0, —> 20, (slow) 

Rate of the reaction from the slow step is 


Fast step is in equilibrium, 


the co : . 
calculated from this step neentration of [O] is 


_ [0,][0} keg [O 
“a TO;] — = 
Substitute the value of [O] in Eq. ( i) 
= Keg [03 ][05] _ [0,7 
O2 fon} TA OPO 


iven below: 


m of a reaction is g 
Mechanis nies Ca 


X, _—» 2X, k, = 
k= 105 s~! (backward) 
S k, = 104 M! s7! 


Write the rate law and salida the order of overal] reaction 


ED x, = 2% 4,10 h 


(This is equilibrium step) 


X+Z— XZ, k 104 (Value of k, is Very less a, 


compared to k; and i. 
So it is slow step and is the rate-determining step 


*, Rate = k, [X] [Z] (i) 


JBL [X] = [X]!? 


Substitute the value of [X] in Eq. (1) 
Rate = k, [X,]'? [Z] 


3 


: 1 
- Order of reaction = e +1= 


For the reaction 


© , 
2Fe2* + H,O, —> 2Fe** + 2 OH, the rate of formation of Fe” 
is given by 
Rate = k [Fe?*] [H,O,]. Suggest a mechanism for the reaction 
and indicate a probable rate-determining step. 


© The reaction is: 


2Fe2+ + H 20, —_ 2Fe3+ 4. 20H 
Rate = k{Fe?*] [H, 305] 
The mechanism is: 


Fett + H,O, —Sow_, Fe3+ + OH + OH 
Fet +OH — 5L, ped + OH 


2Fe** + H,O, —> 2Fe™ + 20H 


law for the conversion of H, and I, t0 HI 
sponding to the following proposed mechs 
(fast) k) 


(fast) (k) 
(slow) (k) 


Deduce the rate 
440°C corre 


Step I: L 


—— 2] 


Step Il: IFE g IH, 


Step HI: TH, +1 ory 
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CONCEPT APPLICATION EXERCISE 4. 
go ee) (fast) (k) m 

L 2 o 1. The gaseous decomposition of ozone 
, 1+H, hy IH, (fast) (k) 20, 30, 
to OH | -d{O,]_ KO,7 
;, 1H, +1 —~’ 2HI (slow) (#) obeys the rate law r = a la “Oy 
7 ~ r 2 

E ll Mes l : | 
Rate =| (TH) [1 v Show that the following mechanism is consistent with the 
steps (I) and (II) are fast and reversible. above rate lav: 


__ or 0, = 0,+0 (fast) 
From step (1), ky = [Is] 


PHA [l] 


0+0, — 20, (slow) 


2. For the formation of phosgene from CO(g) and chlorine, | 


m =k? Oh)!” (ii) CO(g) + Cl,(g) —> COCI (g) 
Similarly, from step (ID), | the experimentally determined rate equation is 
(TH, ] d({COCl, | 372 
= —— ———— = k[CO] [CI 
© MM) a THOON CL 
[H] = k, (1) [B] (iii) Is the following mechanism consistent with the rate 
“an 7 oa equation? 
Substitute Eqs. (11) and (iii) in (1), 
o1 a. Cl, == 2Cl (fast) 
Rate = KAU] [HJ k? M]? b. Cl+CO == COC! (fast) 
1 1 1 1 ; ec COCI+Cl == COCL, + Cl (slow) 


= kk, k? k? Uh TAIT) 3. Rate law for ozone layer depletion is 


1 1 | d{O3] _ k[O5) 
= kk, k [L] [H] (12)? dt [O, ] 
= kk, k, [L] [H] Give the probable mechanism of reaction? 
4. In hypothetical reaction, A, + B, —> 2AB follows the 
=F [L] E] [k'=k k, k] mechanism as given below: 
Aye ATA (fast reaction) 
A+B,—+> AB+B (slow reaction) 


For the overall reaction between A and B to yield C and D 
yie and D, two n f 
. +B—> 
mechanisms are proposed: ibe AB (fast reaction) 


Give the rate law and order of reaction. 


I 


A+B—>AB*—>C+D = kf =1x105 M's) 

E ; ee 5. What is meant by an “accepted mechanism”? Is there any 
— >» A*—_>4E, k,=1%* 10s such thing as a proved mechanism? 

E+B—+C+D, J= LAKOT 6. Ifa rate law has the form: Rate = A[A] [BF 2, can the reaction 


a. Write the rate law expression for each mechanism when be an elementary process? Explain. 


initial concentration of each is 0.1 M. 
b. At that concentration of A and/or B, will the inherent rates 
be equal? H,(g) + Br (g) —> 2HBr(g), the rate law is: 
d [HBr] 
dt 


7. During the initial stages of the reaction: 


‘Sol. Rate, = kf [A][B] = 1 ~ 10 (0.1) (0.1)=1 x 107 M s”! 

Rate, = k, [A] = 1 x 10% x 0.1 

=1x10°Ms"! Š 
(Its second step is fast and first step is slow as evident from 
k, and k, values) E 
If rates are equal, then k,’ [A] [B] = k, [A] —> C+D 

2 

“ki [A] =k, A—>E+F 


=k [H;] [Br ]'”” 


Is the above reaction an elementary reaction? 


» Write the equation which represents the rate law for each 
of the following elementary processes: | 


- For the hydroylsis of meth 


k 1x 104s" 
solution, 


-. [B]= — =——5 5 = 10M yiformate, HCOOCH,, in acid 
i k ix 10°M's! 
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Rate = k [HCOOCH,] [HÊ] 
The balanced equation is: 


HCOOCH, + H,0 — C 
[H®] appear in the rate law, W 


balanced equation. 


H,OH + HCOOH why does 
hen it does not appear in the 


10. Explain why a catalyst which could accelerate the reactions 


given below would be of great value. 
2NO, + 4CO —> N, + 4CO, 
INO + 2CO—> N, + 2CO, 


ANSWERS 


(1, 2, 3) factual 4. O.R. = 3/2 
(5 to 10) factual 


4.7 INTEGRATED RATE EQUATION OF 
DIFFERENT ORDER REACTIONS 


We have already discussed that for a general reaction: 
aA + bB —> cC + dD 


-d [R] 
t 

This form of the equation is called differential rate equation. 

This form relates the rate of change of concentration with time or 

instantaneous rate. It is not always convenient to determine the 

instantaneous rate as it is measured by the determination of the 

slope of the tangent at point ¢ in the concentration versus time 

curve (see Fig. 4.5). This makes it difficult to determine the rate 

law and hence the determination of the order of the reaction. In 

order to avoid this difficulty, we can integrate the rate equation 

and obtain integrated rate equation that gives a relation between 

directly measured experimental quantities, i.e., concentrations 

at different times. The integrated rate equations are different for 
reactions of different orders. 


= k{A]* [B]? 


Rate = 


4.7.1 ZERO ORDER REACTIONS 


A reaction is said to be of zero order if its rate is independent of 
the concentration of the reactants, i.e., the rate is proportional to 
the zeroth power of the concentration of the reactants. 

For the reaction 

A— products 
to be of zero order, 

-d [A] 
dt 


ord [A] =- kdt 


Rate = =k A =k 


Integrating both sides, we get 
[A]=—kt+c _ ...(), where c is a constant of integration 


Att=0, [A]= [A] 


<. [A] =° 
Substituting this value of J in Eq. (i), we get 


[A] =- kt + [Alo 


or  kt=[A]}- [A] -i 


] ; 
or k= re [A] —[A]}} i 
This is the expression for the rate constant for reaction x 


zero order. 
Zero Order Reactions 


of zero order must obey Eq. (ii) 


Characteristics of 
a. Any reaction 
[A] = [Ah | 
This shows that the concentration of reactant decreases 
linearly with time, as it is an equation of a straight line 
(y = mx + c), the plot of [A] versus ¢ will be straight line 
with slope = —k and intercept on the concentration azis 
= [A], as shown in Fig. 4.5. 


Slope of line = —k 


Time () ——> 


Fig. 4.5 Plot of [A] versus t for a reaction of zero order | 


Also, as the rate is independent of concentration, the plot 
of rate versus concentration will be a straight line parallel 
to the concentration axis (Fig. 4.6). 
Note: The rate of reaction remains constant through 
course of reaction. 


out the 


Rate —~> 


Concentration —— > 


i . rder 
Fig. 4.6 Plot of rate versus concentrations for the reaction of zero © 


duce the initia 
initial value » 
denoted by hr 
in E4 


b. Half life period: The time required to re 
concentration of the reactant to half of its 
called half life time or half life period and is 
When [A] = [A],/2, t= t p, substituting these values 
(iii), we get ; 


l 
‘ip {[A]o —[A]p/2} = ne 


ie. t, = Al 
L€., Ly = orig or ty) © [A]p. 


_. 


the half-life period of zero order reaction is directly 
qhu ational to initial concentration, 1.€., f/) © [A]p. 


prop splot of fy2 versus [A], will be a straight line passing 
Hence 1 

ice lope = —k (Fig. 4.7). 
hrough the origin and stope 2 (Fig. 4.7) 


Initial concentration [A] ————> 


Fig. 4.7 Plot of tye versus [Alo 
«. Unit of rate constant (k): From Eq. (iii), 


tion molL’ 
_ Molar concentration _ : er er 
time time 


‘ote: The units of rate and rate constant for zero order reactions 
re same. 


Zero order reactions generally take place in a heterogeneous 
system and some photochemical reactions are also zero order 
reactions. Such reactions are not common. 

d. Some examples of zero order reactions are as follows: 


i. Photochemical reaction between hydrogen and chlorine: 


H(g) + CL(g) —* > 2HCI(g) 


This photochemical reaction is a zero order reaction. 
The reaction is studied by placing H, and Cl, gases 
over water. The rate of reaction is studied by noting 
the rate at which water rises in the vessel due to the 
dissolution of HCI formed. The rate of rise of water is 
the same as the rate of disappearance of H, and Cl,, 
i.e., the concentration of the gases per unit volume in 
the gaseous phase will not change with time, although 
the quantities will change. 


Note: In zero order reaction, it is the amount of reactant that 


hanges and not the concentration. 


For example: 
H, + CL 2HCl 


Initial moles, t = 0 a b 0 
Final moles, t = t (a-x) (b-*) ae 
At t= 0; At1=1 
a _ a2 
[I= y m=- y 
b-x 
b _ 
[CL]= | [Cl] = y 


sa 


ii. 


Fig. 4.8 Reaction between H,(g) and Cl, (g) 


The HCI formed is dissolved in water and rises up in 
tube making the new volume V, available for H, and 
Cl, left at any time, t. 


Thus 4-629. 2-0-9 
Yv n vy yV 


Decomposition of N,O on hot platinum surface: 


Rate œ [N,O]° = A[N,O]? = k 


or 4M] ak 
dt 


. Decomposition of NH, in the presence of molybdenum 


or tungsten is a zero order reaction: 


2NH, —“*!, N, + 3H, 


In such a system, the reactant is adsorbed on the surface 
of a solid catalyst (where it is converted into products). 
The fraction of the surface of the catalyst covered by the 
reactant is proportional to its concentration at low values 
and the rate of the reaction is first order. However, after 
certain concentration limit of the reactant, the surface 
of the catalyst is fully covered and any further increase 
of concentration of the reactant does not change the 
situation and the reaction rate becomes independent of 
concentration and the reaction becomes zero order. Thus, 
the decomposition of NH, on finely divided catalyst 
surface is first order when the pressure of NH, in the 
system is low. At higher concentration when surface 
of the catalyst is fully covered with the layer of NH, 
molecules, the reaction becomes zero order. In general, 
the rate of reaction is given by the equation: 


k, and Å, are constants, 
ae k,[NH, | when [NH, ] is very low. 
| +k [NH;] | &,[NH,]can be neglect 
compared to unity. 
: i Aoi a AE a = k,[NH,] and the reaction 


At higher [NH,], neglect uni 
snes 3 ty compared to k [NH], 


_ 


— me 
6,32 Physical Chemisty _ 2.303 og 4 — or k= eo jog ok ' 
t [A] 


e- ANA] Msh ji t (a — x) (iii) 
ate = = are ; 
f k [NH;] ky This is known as the kinetic equation for a reaction of 
_ the 
`a ratei acteristic first order. 
i.e.. rate is constant, a characteris | irs l 
Bii -n (iii) CE written in the ex 
or zero order reaction Equation (iii) can be ponential form TEE 
[Alo ren ol! | 


on of HI on the gold surface. [A] 


iv. Decompositi 
H® ions: 


nation of acetone in the presence of 


v. Iodi i [A] P 
— =e 
CH,COCH, +1, _H’_, ICH,COCH, + HI o TAN 
The rate equation ofthis reaction does not include [L] factor, e ANZ Aloe” is m 
E , 
dx OCH.] [HÊ] Characteristics of First Order Reactions 
dt SACRE ill a. Any reaction of the first order must obey Eq. (iii) 
vi. If either of the reactants is faken in excess, then also 7303. [Al n 2.303 ” r 
zero order reactions occur since in these the amount or k= = log TA] or a 
concentration change is supposed to be negligible at any | 
time. It can also be written as 
Although reactions which have an overall order of zero are log [A] = —kt seal S|, p 
rare, it is not unusual to find the reaction In which the order 2.303 
of reaction with respect to one of the reactant is zero, €.8-, This is the equation of a straight line (y = mx + c) | 
enzyme-catalyzed reactions: Thus, if log[A] or log(a — x) values are plotted against time | 
t, the graph obtained should be a straight line. The intercept | 


Substrate 2" > Product 
on y-axis would be log[A], and the slope of the line would 


Rate = k{Enzyme]! [Substrate]° $ 
Since the concentration of the substrate is in excess and that be equal to E3 i.e., slope = 5 303 (Fig. 4.9). | 
e JUD 


of enzyme is small. | 
log a | 


4.7.2 FIRST ORDER REACTIONS i 
og [A], 


A reaction is said to be of first order if its rate is determined by 
the change of one concentration term only. 


Consider the reaction: log [A] 
or 


A—— products 
l log (a— x) 
Let a be the concentration of A at the start and after time t, 
the concentration becomes (a — x), i.e., x has been changed into 
products. The rate of reaction after time t is given by the expression. 


dx _ ieee 7 
a = k(a - x) (i) t 
on ih Fig. 4.9 Plot of log [A] vs time (t) 
(a —x) 
Upon integration of ab i i il 
P j gration of above equation, Thus, if we plot log [Alo versus z, a straight line S" al 
_ : : : jo, + 0. 
f a k f di be obtained with slope = k/2.303 as shown 10 Fig. 4 i 
or -—ln(a-x)=kt+c (ii) 
where c is the integration constant. 
When t= 0, x =0 f 
c=-Ina [A] k 
, Alo = 
Putting the value of c in Eq. (ii), we get 8 TAJ Slope = 7303 
-ln (a -x)= kt- lna or 
or Ina—In(a—x)=kt oef £) 
s h a ———— 


(a —x) Fig. 4.10 Plot of log({A],/[A]) vs time (t) 
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aaitlife p eriod: The time taken for the completion of half 


"ange iS independent of initial concentration. For example 
c 9 
for half change: 
r= 0.5a and f= f)/9 
a 2.303 0. 
s0 i 0.5a t2 hi 

0.693 


off TE 

Thus. t,2 ÌS independent of initial concentration a. 

The time ¢ in which the initial concentration becomes half 
is termed as half life period. Half life period of a first order 
reaction is independent of the initial concentration of the 
reactant. 

General expression for the time taken for nth fraction 
of a reaction of first order to complete: 


` a = . 
Putting x= — and ¢=t,,, in the first order equation 


2.303 
i log ——., we get 
2.303 a 2.303 1 
t = log = og 
ln a k l—1/n 
n 

2.303 n 

O tin = = E a 


Thus, the time taken for any fraction of the first order 
reaction to complete is independent of the initial 
concentration. 

i. General expression for the time taken for the reactant 
to reduce to the nth fraction: 
Here, (a — x) = = 

n 
_ 2.303 a 


log —— 
t ral 


sail 


_ 3 
or t= log n 


t 
iii. Amount of substance left after n half lives: 
In general, substance left after n half lives 


Ay 1\" Total time 
Pea = [4] and n = — ~~~ 
2 La ti/2 


A 
* The amount left in one half = = 


* Th left hal A A 
€ amount j = 4 
ount left in two halves Qy 4 
, Ay _ Ao 
The amount left in three halves = — 7 = g 
and so on. (a 


© Uni , 
Unit of rate constant (k): Since the rate constant 1S 
Independent of concentration and depends inversely on the 

f "ne, the unit of k will be time”, i.e., s! or hr’. 

' Average life (1) = 1_ tp =f AI, 

k 0.693 


ye time in which 63.2% substance undergo decay is called 
“rage life, 


< 


_ 0.693 
1/2 


Relation between ¢,,, and ¢,., (amount decomposed): 


x%(decomposed) E k 100-x 


0.69 7 0.3 x 2.3 (ii) 
1/2 k k 
Divide Eq. (ii) by Eq. (1), 
ti2 0.3 


ta , ( 100 ) 
xX/o lo . 2S 
(io à A 
Similarly, relation between /¢,,, and toy (amount 
decomposed): 


t 


where x% and y% are the percentages of substance 
decomposed. 


. Relation between ¢,,, and ¢,,, (amount left): 


i 0.3 


l% (left) E 1oa( 2°) 
x 


for first order reaction 


— — $ mw, = 
and t34 = 2/9 OF tiso = 2th 95 fg7 s% = Stia bsn = 0-40, > 
i i — = S = 7/7 
and similarly tog 90, = 1041/2 t9687% = 5f, 2 and foz 759; = izao 
= Alyy SINCE t72% = 20), 


In general, for nth order reaction 


l 3 
——— [Ao * 


Li a OC 
1/2 [Alo 


. Starting with two different concentrations a, and a, for the 


same reaction, the half lives (¢, ,), and (¢, .), are determined. 


(t2) (ef 
(ti2)2 ay 
log(4,), — log(4,>)> 


orn= l+ 
log ay -= log A 


n is the order of reaction. 


. Some common examples of first order reactions are: 


Hydrogenation of ethene: 

C-H4(8) + H,(g) —> C,H, (g) 

Rate = A[C,H,] 

Decomposition of nitrogen pentoxide (N,O,): 
N;0,(g) — 2NO,(g) + = 03(g) 

Rate = k[N,O,] 7 
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iii. Decomposition of ammonium nitrite in aqueous 

solution: 

NH,NO, —> N, + 2H,O 

Rate = k [NH,NO,] 

Decomposition of H,O, in the presence of 1° ions: 


~ 


iv. 
Š l 
H,O, ——> H,O + —0,(g) 
Rate = A{H,O,] 
v. All natural and artificial radioactive isotopes of unstable 
nuclei occur by first order kinetics. 
vi. Hydrolysis of ester: 
@ 
CH,COOC,H, +H,0 —*—> CH,COOH + C,H,OH 
Rate = Å [Ester] 


i. Hydrolysis of conc sugar: 


a 
mle 
— 


C,>H,,0), + H,0 oo CoH, 06 + CoH 129, 
(Glucose) (Fructose) 
Rate = k [Sugar] 

viii. Hydrolysis of benzene diazonium chloride: 
PhN = NCI + H,O —> PhOH + N, + HCl 
Rate = k [PhN,Cl] 

ix. Decomposition of thionyl chloride: 


SO,Cl, —— SO, + Cl, 
Rate = k [SO, Cl] 


4.7.3 SECOND ORDER REACTIONS 


A reaction is said to be of second order if its reaction rate is 
determined by the variation of two concentration terms. 
The kinetics of second order reactions are given as follows: 
When concentrations of both reactants are equal or two 
molecules of the same reactant are involved in the change, i.e., 
A+B —> Products 
or 2A —> Products 
Case I: When either one reactant or two reactants with same 


concentration. 
2A—— Products or A + B —— Products 


At1=0 a 0 a a 0 
Atl=1 (a— x) x (a —x)(a—x) x 
dx 4 
— = kla- x) 
dt 
On integrating, 
dx 
E 
(a — x) 
7 =k+c „(i 
a-a (1) 


where c is the integrating constant 


When t=0, x=0, “C= 


a 


Substituting the value ofc in Eq. (i), 


=kt+— 
a-X a 
l ' 
or kt = =" |, 
(a-x) a 
f 
| x ; 
r t= = — 
j k a(a~X) (ii) 
Case II: When the two reactants have different concentrations 
A +t B > Products 
At1=0 a h 0 
Att=t (a—Xx) (b-x) r 


A & _g(a-x) 6-2) 
dt 


This equation on integration gives: 


1 2.303 b(a- x) 
= —  — og- 
k (a-b) a(b- x) 


Characteristics of Second Order Reactions 


t (111) 


a. The value of k (velocity constant) depends on the unit of 
concentration. The unit of k is expressed as: 
(mol L'y! t! or L mol! t! 


. . 1 0.5a I 
b. Half-life period(t, 2) = eo ban 


Thus, half life is inversely proportional to initial 
concentration. 

c. Second order reaction follows to the first order when one 
of the reactants is present in large excess. 


2.303 ie b(a — x) 


OE TEE aa FO e 
Taking k a—-b)  ab—x) if a >>> b, then 


(a—x)xaand(a—b)=a 


2.303 ba 
Hence, k = log ———— 
ta a(b— x) 
2.303 b 
ka= k'= log 
or ka spy 


i : : ier 
(Since a being very large, may be treated as constant 2ite 


the change) 
Thus, the reaction follows first order kinetics with 


to the reactant taken relatively in small amount. 
are as follows- 


respec! 


d. Some examples of second order reactions 
i. Hydrolysis of ester by an alkali (saponification) 
CH,COOC, H, + NaOH —> CH,COONa + C,” 

ii. The decomposition of NO, into NO and O,: 
2NO,——> 2NO + O,. 

iii. Conversion of ozone into oxygen at 100°C: 

20,—— 30, 
iv. Thermal decomposition of chlorine monoxide: 


2CLO —> 2Cl, + O, 


O É 
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reaction between persulphate (or peroxo disulphate) 


y. with Je ion: ; 


§,03 


1 THIRD ORDER REACTIONS 


vg said tO be of third order if its rate is determined by 


pre „tion of three concentration terms. 
pye 


en the concentration of all the three reactants is same 
: molecules of the same reactant are involved, the rate 
o sion is given as 
expe 
34> Products 


AtBt C — Products 


a = k(a = xy 

dt a 

On integration and solving this equation, 
x(2a — x) 

2a" (a - x) 

characteristics of Third Order Reactions 


| 3 
| k=" 


a. Half life period: 


S 0.5a(2a—0.5a)_ 1 0.5a x1.5a 
in” k 2a?(0.5a)” k 2a? x0.5a x 0.5a 
3 
 2a°k 
Thus, the half life is inversely proportional to the square of 
initial concentration. 


b. The change in the unit of concentration changes the 
numerical value of k. . 


e The unit of k is expressed as (mol L-1)? tT or L? mol? 
E 
d. Some examples of third order reactions are as follows: 
i. Reaction between nitric oxide and oxygen: 
2NO + 0, 2NO, 
ii. Reaction between nitric oxide and chlorine: 
2NO + Cl—> 2NOCI 
iii. Reduction of FeCl, by SnCl,: 
2FeCl, + SnCl, —> SnCl, + 2FeCl, 
iv. Reaction between nitric oxide and bromine: 
2NO + Br, — 2NaOBr 


Table 4.3 Expressions for rate constant for reactions of 
different orders 


Expression for 
rate constant 


k= “(Al _[A) 


= 
p= 2303, [Alo 
[A] 


TEED 
2 = -| ————— 
: iF aS 


Rate _ 2303 
=k[A] [B] |" t{A]p -[Blo 
ag Bb IAI 
= j [A] [B] 
1f 1 l 
3A > Products Rate = k[A}P | k= Hine) 
St as. ee 


where [A], and [B], = initial concentrations of A and B, i.e., 
a and b. 


[A] = Concentration of A left after time £, i.e., a — x, where x is the 
concentration decomposed. 


[B] = Concentration of B left after time t, i.e., b—x, where x is the 
concentration decomposed. 


Table 4.4 Order of reaction and t, , values along with the units 
of rate constant 


| a | 
0 | 0.693 
l z ti (@) | tin k 
14] ap 1 
2 Lmol't tin oc (a) ia Pe 
2 > 3 
F. | L’mol? t ty X(a@y~ | tip = 2ka’ 
n L@ -1) mol t! aye x (a)! =] 


4.7.5 FRACTIONAL ORDER REACTIONS 


In many reactions, the order of reaction w.r.t. one of the reactant 
is found to be non integral, e.g. 
a. The reaction between H, and D,: 
Z 1/2 
Rate = kPa (Pp,) 
b. The conversion of parahydrogen to orthohydrogen at high 
temperature: rate = k(P4 )'° 
The non-integer values are generally due to the complex 
nature of reactions which involves more than one elementary 


step. The overall rate law is obtained by combining the rates of 
individual elementary steps. 


4.7.6 NEGATIVE ORDER REACTIONS 


Sometimes, the rate of a reaction decreases as the concentration of 
one of the constituent is increased, e.g., transformation of ozone 
into oxygen, i.e., 


14105) yO oror 
a ea 


Thus, order with respect to oxygen is —1. 


naa 
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It should be made clear that negative orders such as zero order 
and fractional orders are obtained whenever the desired reaction 
does not occur in single elementary step. 


For a first order reaction, calculate the ratio between the time 
taken to complete 3/4th of the reaction and time taken to 


complete half of the reaction. 


0.69 
ED «= z` fz14 = t75% 


2.303 | a 
P 
4 
2.303 
= log 4 
7 g 
0.69x2 
wn x 2 x 0.3010 = ———_ 
k 
z4 0.69 x2 k 
tis k oo = 2thn 
Alternate Method 


Use direct relation, 


í 100 J. 
los) — 
tsu _ 100-75) _2log2 _ 2x0.3_ 


hy2 0.3 0.3 0.3 


< b75% = 


For the following reaction: 
2A+tB+C- SMA BHC 

The rate law has been determined to be 

Rate = [A] [BP with k = 2.0 x 10% mol? L2 5"! 


For this reaction, determine the initial rate of the reaction with 
[A] = 0.1 mol L~, [B] = 0.2 mol L“!, C = 0.8 mol L“, 


Determine the rate after 0.04 mol L~! of A has reacted. 


a. 2A+B+C—+A,B+C 
Rate = k [A] [B]* 
r=2.0 x 10 x [0.1] x [0.2] 
=8x 10? mol- Ls"! 
ZALA] _ -a[B] _ -a[C] _ d[A,B] _ a[C] 


2dt dt dt dt dt 
[A] initial = 0.1 M; LA Jeane = 0.04 M 
[Aljeq = 0.1 — 0.04 = 0.06 mol L7! 
-d[A] _ —d[B] 
2dt dt 
-d[B] _1 -d[A] 


" ———— =X = _ -] 
di 5 J ~x0.04 = 0.02 Ms 


[Blinitiaa 7 9-2 M 

[Bl,eq = 0-2 — 0.02 = 0.18 mol L-! 

<. r= k{A] [BF = 2.0 x 10 (0.06) (0.13) 
= 3.88 x10? mol - L~! s- 


luLusTRATION 4.63" | 
A drug becomes ineffective after 30% decomposir 
original concentration of a sample was 5 mg mī? 
becomes 4.2 mg mL! during 20 months. Assum Whig | 
decomposition of first order, calculate the exp pity tim iMg the | 


drug in month. What is the half life of the product ME Of the | | 


2.303 lo a _ 2.303 203 | = 
Sol. a t : a-%x 20 A 


[B], 
Cacteq = 0.0) N 
M 


= 0.00872 month! 
Expiry time t may be calculated as: 
.303 
ja 2.30 E a 
a-x 
2.303, _ 100 


a 0.693 
1/2 0.00872 


= 79.4 months 


The half life of a first order reaction is 60 min. How long wil 
it take to consume 90% of the reactant? 
` For the first order reaction 
_0. 693 _ 0. 0.693 
ti 60 


Applying first order kinetic equation, 


= 11.55 x 103 min! 


Given: a = 100, x = 90, i.e., (a — x) = (100-90) = 
2.3 
Hence, t= = ig 10 = 200 min 
11.5x10” 


Alternate method 
tin = 60 min 


i 100 ) 
log | —— 
ONA = 100 — 90. 


hi 0.3 


— f Xlog10 _ 60x1 
0.3 0.3 


t 


90% 


A first order reaction has a rate constant of 15 * r 
long will 5.0 g of this reaction take to reduce to 3-0 £ 


ok Applying first order kinetic equation, 


sxl0esa=58,@-x) 38 


k 
5 
2.303 _ log > = 34.075 
t 5 x 1 3 
. 
_ , reaction A > Products, the concentrations of reactant A 
pe ab aC Cee ee after time interval 0, f, 2t, 3t ... where 
e Cos (0? 


nstant, given, 0 <a< 1, show that the reaction is of first 
Jer, Also calculate the relation in k, a, and ¢. 


2.303 a 


Ift=t,a = Cp and (a =X] = OC, 


2.303, 1 
k= 2.303 jog 0 = "= log — 
t aC í a 

If t= 2t, a= Cy (a — x) = acy 


2.303, co 2303 ae] 


Pa log — 

2t a°co t 5 a 
— S 2.303 ioe Cy _ 2.303 lo 1 
pea 3t a*cy t a 


k comes constant and thus it is a first order reaction. 


2.303 l 
log — 
a 


Also k= 


Reaction A follows first order kinetics and reaction B follows 
second order kinetics. If their half lives are equal, compare 
their rates (i) at the start of the reaction and (ii) after lapse of 
one half life. 


l , | 0.693 
‘Sol. For the first order reaction A, half life t,9(1) = -o 
l 


1 
and for the second order reaction B, half life t;(2) = ka 
2 


But t,,(1) = M FA (given) 
0.693 1 
k è ka 
k . 
. | =0,693 i) 
kya 


i. Rate at the start of reaction A, r; = kja.. first order and 


rate at the start of reaction B, r, = ka? „second 
order 
k : 
Hence Å = “14 =L =0.693 by Eq. (i) 
ly k,a a 
ii. Rate after one half life when the concentration of the 
reactant is reduced to (a/2) 


a 
For reaction A, 7’, = k (2) 


Chemical Kinetics 4.37 


2 
i a 
and for reaction B, r’, = k, (2) =- 


P ri 2k, 
Hence, — = —— =2 x 0.693 = 1.386 
rs kya 


For the reaction of I, II, and TI orders, k, = k, = k, when 
concentrations are expressed in mole L'. What will be the 


relation in k,, k,, k,, if the concentrations are expressed in mol 
mL? 


oly k oc [a]! 


For first order: kœ [a]'-'>k« 1 


So k is constant and is independent of units of “a.” 
sk, i) 
For second order: k œ [a]! ~? « [a]! 
k, œ [a]! when units of a in mol L~'. 
k', œ [a]! when units of a in mol mL~'. 
= k', œ [a x 10°}! when a in mol mL”. 
o [a] [10°] 
K, o k, x 107 


k 
ko ck, x 10 
2 10° 2 


ky k, x 103 _ii) 
For third order: k œ [a]! œ [a]? 

k, œ [a]? when a is in mol L~! 

k', oc [a]? when a is in mol mL 

=> k, oc [a x 10°} 

k, œ [a]? [10%] 

=> k'} x [k, x 10-5] 


k, xk’, x 10° (ii) 
Since k, =k, =k, 
Kh 4% 103 =K', x 10° 


$ ‘a TRATION 


Starting with one mole of a compound A, it is found that the 
reaction is 3/4 completed in | hr. Calculate the rate constant if 
the reaction is of 


a. First order b. Second order 


Sol, a= mole, x = 3/4 mole, t= | hr 


a. First order: k = so log 
l 


_}.. 
j3 
4 


2.303 
= i log 4 = 1.386 hr! 


7 
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0.24 x 104 = k [0.5 x 10*}* [2.0 x 1938 ~ | 
da 
z Solving a = 2, B = | (e 
7 cael, o 
b. Second order t aļla-x) 44x 104=k[1.5 * 104]? [4.0 x 103]! 
ay ee k= 4.88 x 108 mol? L? min"! 
1 1x(1- 3/4) 


k=3 L mol! hr —_ 
A drop of solution (volume 0.05 mL) contains 3 , is 
VuLusTRATION 4.70 H® ions. If the rate constant of disappearance of H9: Mole 


x 107 mol L~! s~!, how long would it take for Hə aan Is i 
drop of disappear? > IN the 7 


In the decomposition of N,O,, the plot between the reciprocal of 
concentration of the reactant and the time was found to be linear 
as shown in the figure below. Determine the order of reaction. 


—_ Mole 
Sol, | Concentration of drop = ————~ _ 
ial Volume in mL, * 1000 | 


Wed eee 
0,05 «1000 = 9.06 met, 


C h 
Rate of disappearance = ~~ "478° 


Time 
.06 
1 x10 = a 
Time 
i e 9 
(SGP Reaction is of second order ee 
Second method 
ix = l x Units of k (mol L~! s7!) suggest it is a zero order reaction. 
t (a—x) k (a—x) 5 Co d 
i .. For zero order = t = a Thaan 
t vs =) graph is linear. a ' 
onc 0.05 mL has = 3 x 10% mol of H® 
r $ a s 
en ee 1000 mL has = aa x10 =0.6 x 10! mol L! 
For a reaction at 800°C 


=] 
2NO + 2H, —>N, +2H,0, the following data were obtained: = A =03 1073 
1.0x10 


t 


[NO] x104 | mxo |-1400] | 
2 dt 
(mol L~ min’) For i 
: a reaction, a graph was plotted between reactani 
L 15 4.0 44 co i : 
. | i ncentration c and time as shown in the figure below. 
| ü| 15 `| 20 2.2 


| iit | os | 20 0.244 


pect to ] NO and H,? 


104 


(M) (M) 


What is the order of this reaction with res 
Also calculate the rate constant. 
(SoD -=k NO] [H]. 
[NO] x 104=1.5 
[H] x 10° = 4.0 
" [H] = 4.0 x 103 
7 1 d [NO] 
2 dt 
. _1d[NO}] _ 
2 dt 
From data (i), (ii), and (iii), 


44x 10t=k [1.5 x 104] [4.0 x 
2.2 x 104 = . 


“. [NO] = 1.5 x 104 


«107 =44 


Concentration ——> 


44x 104 © 


. t 
103}8 Identify the order of the reaction with respect to the reactae | 
k [1.5 x 104} [2.0 x 103 JP Can the concentration of the reactant be theoretically 2°? | 


infinite time? 
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—— 
a 


pe a it is evident that | | 
rom BF ation of 40 reduces to 20 in 5 min. 
oncen loin sin 
es to 5 in 5 min. 
f life is independent of concentration which is 
j€ gen of first order. In first order, the concentration 
ac 


A reactant can never be the theoretically zero. 


y, 20 reduc 
' yo reduc 


i A _-» Product 
A aati the molecularity of the reaction? 
3 


| what i order w..t. A and B in the following cases: 
b. 


| —> [A] 


— 


i. When (=) = k [A] and B is in excess. 
dx 2 . 
ii. When FA = k [B] and graph is true. 
t 


iii. When the rate is doubled, then the concentration of 
| A is doubled, and the rate is eight times when the 
| concentration of A and B is doubled. 


a. Inreaction 2A + 3B —> Product 
Molecularity = 5 (5 molecules are colliding 2A and 3B) 


b. i. When ae =k [A], order w.r.t. A= 1 and order w.r.t 
B=0 # 


ii. When (=| =k [By 


Order w.r.t. A= 0, w.r.t. B= 2 
iii. Rate (r,) = K{AT" [BP 


Case (i) 27, = MAJ" [B] +) 
Case (ii) 87, = A{2A]* [2B]° i) 
From Eqs. (i) and (ii), we get 

a=1,p=2 


“. Order w.r.t. A= 1 


Order w.r.t. B =2 
i ll 


48 EXPERIMENTAL DETERMINATION 


OF ORDER OF REACTION 


i a are several methods available for determining the order of 
elon. All these methods are based on the use of differential 
Integral rate equations given in Section 4.7. 


Za 


a o 


4.8.1 INITIAL RATE METHOD 


In this method, the initial rate of a reaction is determined by 
varying the concentration of one of the reactants while others are 
kept constant. The initial rate r, is determined either numerically 
or from the slope of the curve vs time at t = 0. Thus, the initial 
rate of the reaction is given by 


ry = rate = k [A]? [B]; [C]o° (i) 
If [B] and [C] are kept constant, then 
ro = k [A]q?, where kọ = k [B]y’ [C]p° __(ii) 


The value of a can be determined by inspecting the rate at 
different values of [A]. Alternatively, if we know the initial rates 
at two different concentrations of A, we have 

(ro), = ky [Ag]? (iii) 

(r) = ky [A$ ..(1V) 
where (r); and (r,), are the initial rates of reaction when the initial 
concentration of A is [A], and [Ao],, respectively. Dividing Eq. 
(iii) by Eq. (iv), we get 


(ro): Fo) z {[Ao] ,/[Ao]2}7 .{V) 
Taking log on both sides, we obtain 
log [CoCo] =a log {[Ao],/[Ag]o} 


fo log [(%):/(o) 2] _(vi) 
log [[Ap], Ao 12] 

Thus, the order of reaction with respect to A can be 
determined. In the same manner, the order of reaction with respect 
to other reactants can also be determined and the overall order of 
the reaction is the sum of all the exponents in Eq. (i). 


i.e., order of reaction, n=a+bt+ct>: 
4.8.2 USE OF INTEGRATED RATE EQUATIONS 


This method is also known as the method of trial and error. The 
kinetic data is fitted to different integrated rate equations. Wherever 
the data fits with the equation for the correct order of reaction, it 
will give the constant value of rate constant for all data points 
(concentration at different times). These equations also lead to 
straight lines when appropriate function of the concentration is 
plotted against time ¢. For example, for zero order reaction, a plot 
between concentration and time gives a straight line with slope of 
the line equal to —k. Similarly, for the first order reaction a graph 


between In [R] against ¢ gives a straight line with slope equal to 
-k.2.303. 


For a general reaction: A——> Products, the integrated rate 


equation for zero, first, and second order reaction are given in 
Table 4.5. 


Table 4.5 Integrated rate equation for different order of a 
reaction 

Type of 

reaction 


Equation Linear 
corresponding | plot 
to y=mx+c 


Zero order 
(rate = k) 


y 


— 
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. . p E ite 
l ipa r Sol, | From experiments (2) and (3), it iş clear th Pi 
a t E tion ofA is kept constant and at wh 
ppa E 4) [-—] log [Ah concentra that ort . When 
“a i a log [A] log [A] |- 5393 the rate increases four times. This show that, à is yy 
i n of second order with respect to B, Tagg 
| -7303 vsi Similarly, from experiments (1) and (2), it - 
| . fs when the concentration of A is increased three hy 
| OB Lo i | that of B two times, the rate becomes 12 times : Sa 
p aa | do k l reaction is of first order with respect to A Ne, he | 
| — A [A] vst [Alo Thus, the rate law for the reaction is | 
oraer : 
ae | l Rate = k [A] [B]? 
|= HAP) = At ‘TA | Substituting the values of experiment (1) in the rates, 
iene on 3 x 10 = kf{0.10] [0.20] Mal, 


It is clear from the above relations that the straight lines are 


3x10? 
; . ea a i 472 7 
obtained form a plot of [A] kpaa t for a A janak a or k= [0.10] [0.20] 1.3 X 10 L? mot? yi 
log [A] versus ż for a first order reaction, and o versus f for l 
second order reaction as shown below: Experiment (4): Rate = k [0.10] i 
Zero order First order = 7.5 x 10* x 0.10 x 0.40 z 0.49 
= 3 a 
|_—Intercept Intercept = 1.2 x 10? mol Lg 
[Alo log [A] Experiment (5): Rate = k [0.20] [0.60] 
< = 7.5 x 104 x 0.20 x 0.60 < 0.6 
[A] z =5.4 x 10 mol L- g! 
© 


Experiment (6): Rate = k [0.30] [1.207 
=7.5 x 104 x 0.30 x 1.20 « 19 
= 3.24 x 10* mol L~! $1 


Second order 


wr The data for the reaction: A+ B—*->C. 
P . 
/ ees ee ae 

Pg Slope =k Experiment [A], [B], Initial rate 

[A] l l | 0.012 | 0.035 0.10 

Intercept = —— | 
= [Alo Ooo 2 | 0024 0.070 0.30 
— E S 3 0.024 0.035 0.10 
T o o] 
4 P-=0.012 0.070 0.30 
These curves also help to calculate the value of k from the 


The rate law correspondine to the above data is 
slope of the straight line. i = 


és , . a. Rate = A[B}P b. Rate = A{B}’ 


c. Rate = ATA][B]> d. Rate = K{AP [BY 
For the hypothetical reaction Core eA 


2A + B —> Products 


-— came), Whe 
a. From experiments 1 and 4 (when [A]; 8 52 i 


hinga are baai [B], is doubled, rate becomes 8 times. Thus, RS 7 y 
Miradas ; ; Se = S E i : n ie same). Y j 
Experiment Initial conc , Initial cone [Initial rate From experiments 1 and 3 (when [Bl ' rate x Al 
mber of (A) of (B) AAA [A], is doubled, rate remains same. Thus, 
o maL) (mol L~’) > Rate = k [A]? [BP 
l 0.10 0.20 3 x 102 | SERS EEO TOAS \ 
= : "RATION 4 Le dy \ ; 
2 030 | 0.40 3.6 x 103 SSE Cs faction” 
3 | 030 | 0.80 1.44 x 104 Rate of a reaction A + B —> Product, is given 254 F 
7 -i | 040 p different initial concentration of. E 
5 0.20 0.60 A] (B) ua 
L A ioi: a (mol L~!) 
6 0.30 1.20 i 


Find out how the rate of the reaction depends aon = ae 
concentration of A and B and fill in the blanks given in the table. = 


ine the order of the reaction with respect to A and with | 


at to B: What is the half life of A in the reaction? 
spe ; 
j Let the rate of reaction be 


P = k [AT [BP 7 

From the data given, it is clear that by doubling the 
concentration of A, the rate also becomes double when B 
iş kept constant. Thus, the rate is directly proportional to 
concentration of A. 

Rate o [A], i.e x = l 

or the order of reaction w.r.t. to A is 1. 

When the concentration of A is kept constant and the 
concentration of B is doubled, the rate does not change, i.e., 
y= 0; or the order of reaction w.r.t. to B is zero. 


d r 
Thus. reaction rate, — ra =k[A] 


Again k= = = 0.5 min”! 
7 0.01 
.693 0 


Fora reaction in which A and B form C, the following data were 
obtained from three experiments: 


Experiment | Initial conc (mol L~) Initial rate 


number (mol L s~’) 


What is the rate equation of the equation and what is the value 
of rate constant? 


Sol Let the rate equation be k [AF [BP’. 
From experiment (1), 0.3 x 10% =k [0.03] [0.037 ..(i) 
From experiment (2), 1.2 x 104 =k [0.06] [0.06]? ..(11) 


12x10% _ [0.067 [0.06}" 
0.3x10% [0.03] [0.037 


4 =2 2 W „(iii) 
Similarly, from experiments (1) and (3), 
2x w=9 (iv) 
Solving Eq. (iii) and (iv), we get 
x=0,y=2 


Rate equation, rate = k [B]? 
Considering Eq. (i) again, 


4 aj 
[0.03] 
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The chemical reaction between mercuric chloride and potassium 
oxalate proceeds as under: 


2HgCl, + K,C,0, —> KCI + 2CO, + Hg,Cl, 

The mass of Hg,Cl, precipitated from different solutions in a 
_&iven time at 100°C was as follows: 
Experiment] HgCl, | K,C,O, Time | Hg,Cl, _ 
number (mol L) (mol L!) (min) | precipitated 


rn Se places i R Bia 
0.0836 0.404 65 0.0068 
AN O thins wii 4—— L a 

0.0836 0.202 120 | 0.0031 | 


3 0.0418 | 0404. 60 | 00032 
i ee pN 1 e 
From the data calculate order of the reaction. 
Sol.) Since mass « moles « M. 
.. Rate = k [HgCL,]” [K,C,0,]° 
0.0068 
= k [0.0836]@ [0.404]? (1) 
0.0031 
= k [0.0836]? [0. B ii 
T [ 6]* [0.202] ...(1i) 
0.0032 
= k [0.0418]* [0.404]? ...(ii1) 


Dividing Eq. (i) by (ii), we get 4 = 2° > B=2 
Dividing Eq. (i) by (iii), we get 2=2%> a=1 


Thus, overall order a + B = 3 


A certain radio isotope 7X“ (half life = 10 days) decays to give 
744. If 1.0 g atom of X is kept in a sealed vessel, find the 
volume of helium accumulated at STP in 20 days? 


D Since 1.0 g atom of X = 1 mol of X= a) 
7X4 —> zX + „He 
Initial l 0 0 


Final l- x x x 


> 
n = Number of half lives = = =2 


Moles of X left = (>) X ay 


= @ Snel => (1 — x) mol 
2, 4 


3 
Moles of helium formed = | — i = 3 mol = x mol 


: ix 22 4L =16.8 L at STP 


The population of India in 1988 was 800 million. What will 
be the population in 2000 and 2100 if there is no change in the 
present growth rate which is 25 per 1000 per year? 


TE) 
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Note: Here compared to the population in the yeas 2000 or 
2100, the population in 1988 will be less. So, consider present 
population (P) for the years 3000 and 2100 and consider 
population in 1988 as P,. The population will be obtained as 


P, > P, 
The equation for first order can be modified as: 
k= 2.303 ioe a 
t a- x 


Present population, / 


2.303 (for 2000) 


= anjo 
Growth rate Time () Population (F ) at time? 


(for 1988) 
25 2.303 P 
N -bogi 
i000 (2000-1988) ° P 
P 
bte E eini 


P 1000x2.303 


P 
T = Antilog (0.1303) = 1.350 


t 
P = 1.350 x P,= 1.350 x 800 million = 1080 million 
Population in 2000 years = 1080 million 

25 2.303 P, (for 2100) 


b. — eee 
1000 (2100-1988) P (for 1988) 
ee = 25x112 = 1.2158 
P 1000x2.303 ` 
h 
P = 1.644 


P, = 1.644 P, = 1.644 x 800 million = 1315.2 million 
<. Population in 2100 = 1315.2 million 


The experimental data for the reaction 
2A + B, —> 2AB is 
Experiment | [A] [B,] Initial rate 
| (mol L~! s7!) 
1.6 x 10+ 


3.2 x 10% 


3.2 x 10° 


Write the most wababie: rate equation for the reaction giving 
reason for you answer. 


-- First method 
2A + B, —> 2AB 


In experiments I and II, the concentration of A is constant, 


but the concentration of [B,] is doubled and the rate is also 
doubled 


Sr [BS i 


Similarly, in experiments II and III, the Concentration g 
is constant, but the concentration of [A] is double d, but; 
rate of does not change. 
- ro [A]? 

- Rate law is 

x [B a [A] 
or r = k [B] 
Second method 
Let the rate of reaction is 
r= k [A] [B]? 

+. r, = 1.6 x 104 = k [0.5]* [0.5]? 

r, =3.2 x 104 = k [0.5]* [1.0]? i 
f= 3.2% 104 =k [1.0]* [1.0] Ai 
Divide equation (ii) by (i), 


32x104 k [0.5]* (of 
16x10%  k[0.5]" [0.5]? 


(2)! = (2)? > B=] 

Similarly, divide Eq. (iii) by (11), 
32x10% _ k [1.0]* (1.0F 
32x10%  k[0.5]" [1.07 

1 = (2)*= (2)? = (2)* > a =0 
~. Rate =k [A]? [B,]! = k [B,] 


From the gaseous reaction 


2A + B, —> 2AB, the following rate data were obtained at 
300 K. 


Rate of disappearance of | Concentration 

B, (mol L~ min) [A]M_ [BJM 
1.8 x 10-3 0.015 0.15 
1.08 x 10° 0.090 015 
5.4 x 10° 0.015 0.45 


Calculate the rate constant for the reaction and the w of 
formation of AB when [A] is 0.02 and [B,] is 0.04 mol L'a 
300 K. 


ISAD 2A +B, — 2AB 

Let the rate of reaction is 

=kIAJ [B]. 

r= 1.8 x 10° = k[0.015]® - [0.1598 
r, = 1.08 x 10° = k{0.09]* - [0.15]8 
r3 = 5.4 x 10° = k[0.015]* [0.45]P 
Divide Eq. (ii) by Eq. (i), 
1.08x10° —— k{0.09}* [0.1577 7 
ee el etre 

1.810 k{0.015]* [0.15]? 


„ide E4: (iti) by Eq. W 


pivid P k[0.015]" [0.45]? r 
——————— ar = = 

sora = oors [0.157 7O “GY B=! 

8% 

„= KA] [B,]' 


i pstitute the value of r, [A], and [B,] in Eq. (i) and calculate 
U 


j < j0? = K[0.015]" [0.15]' 
l p-st mol min” (unit of second order reaction) 


2A+B,—? 2AB 
ala] _ -2[B2] _ +4 [AB] 


dt dt 2dt 
d[AB] — 5, B2] 
“Gt 
-[B, ] — 1 1 — 1 
Rate = — 7 = k[A] [B,]' = 0.8 x (0.02)! (0.04) 
= 0.64 x 10-3 mol L! min! 
LAAB) A 6410" 
t 


= 1.28 x 103 mol L~! min`! 


For a chemical reaction A ——> B, it is found that the rate of 
reaciton doubles when the concentration of A is increased 4 
times. What is the order of reaction? Suggest the rate law also. 


Be = Har (i) 
r)=2r, = k[4A]" (ii) 
Divide Eq. (ii) by Eq. (i) 
2n _ K{4aq" 

o kA 


2=(4)" => (2)! =(2)" => n=l n= 


Nw | 


| | 
Order of reaction = 1 — Rate = A[A]’ 


2 
For a hypothetical reaction A + B —~ C, suggest the rate law 
and order from the following data: 


Experiment [A] 
(mol L-7!) 


[B] 
(mol L”) 
os 


So, Let the rate of the reaction 1s 
r=k [AF [BP 
r =3.0 x 103 =k [0.25} [0.25 
r,=6.0 x 103 = k [0.57 [025P 


Rate of reaction 
(mol L s*) 


(i) 
(ii) 


"= 1,20 x 107 = k (0.5} [0.5 
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7 (iii) 
Divide equation (ii) by (i) 

6.0x10° _ k[0.5}* [0.257 

3.0x10°  k[0.25F [0.257 


(2)'=(2)" x=] 
Divide Eq. (iii) by Eq. (ii) 
1.20x10 k [0.57 [0.57 


6.0x10° k [0.5] [0.25P 


nQ =y > y=! 
“. r=k [A]! [B]! 
Total order=1+1=2 


For the chemical reaction 


A+B+C—>E, 

the rate of reaction is doubled when the concentration of B was 

doubled, and when the concentration of both A and B were 

doubled the rate becomes doubled and when the concentration of 
_ both B and C were doubled the rate becomes quadrupled. What 
is order with respect A, B, and C and total order? 


SOM 7, = MAP [BP [CF 


(i) 


r, = 2r, = {AF CBP [CP ..-(i1) 
Pa =2r, = KZA RBP [CF 
r4 = 4r, = MAF [2BP RCEF 
Sove for x, y, and z, x = 0,y=1,z=1 
Order w.r.t. [A] = 0, [B] = 1, [C] = 1 
Total order =0+1+1=2 


(11) 
...(1V) 


For the chemical reaction A + 2B —> C, the rate of reaction is 
increased by 2.82 times when the concentration of Ais doubled 
and increased by 9 times when the concentration of B was 
tripled. What is the order with respect to B and A and total order? 


A+2B—>C 
ri =k [AF [BP alt) 
r, = 2.82r, =k [2AF [BP si) 
r, = 9r, = KA} BBP „ii 
Divide Eq. (ii) by Eq. (i), 
2.827 _ k[2AT [B}’ 
n k{A]* [B]" 

2.82 = (2)) > (J = Q} >x =3/2 
Divide Eq. (iii) by Eq. (ìi), 
2 _ KLAy BBY 

i ALA}* [BP 
9=3> (3}=8V>y=2 
Order w.r.t B =2 order w.r.t. A = 3/2 


Total order = 2 + : = 


L an N 


Njn 


> 


hysical Chemistry ca n 
ey by 2.82 times, order 18 3/2. 
Note: 1. If rate increases Am order is 5/2. 


2, If rate increases by 5.6 times, 


1 by the expression 
vessel is suddenly 
The reaction rate 


aseous reaction is glvel 
f the reaction 
lume. 


The rate of a g 
k TA]?[B]?. The volume of the 
a o one-half of the initial vo 


reduced t 
relative to the original rate will be 
a. 1/24 b. 1/32 c. 32 d. 24 


Ai) 


c. Rate = MAP [BT | l 
d, the concentration will 


When the volume is halve 
become double. 
>, Rate =k [2A]? [2B] 

= 32k [A]? [BP 

= 32 x Original rate from Eq. (1). 


For a chemical reaction A—> B, the rate of reaction increases 
by a factor of 1.837 when the concentration of A is increased by 
1.5 time. The order of reaction with respect to A is: 


a. l b. 15 G2 d. -1 
BER b. Rate = k [A]" ..(i) 
1.837 x Rate =k [1.5A]" (11) 
Dividing Eq. (ii) by Eq. (1), 
1.837 = (1.5)" 
n= 3/2 


(Solving by logarithmic method) 


The rate of the reaction 
3A + 2B —> Products 
is given by the rate expression: Rate = k [A] [B]? 
If A is taken in excess, the order of the reaction would be 


a. 3 b. 2 c. 1 d. 5 


b. When A is taken in excess, its concentration will become 
constant; the rate law may, therefore, be given as: 
Rate = {BÊ => Order = 2 


For the decomposition of HI at 
1000 K (2HI —> H, + L), following data were obtained: 


Rate of decomposition 
of HI (mol L! s~’) 


[HI] (M) 


0.1 2.75 x 10°8 


ee 11 x 10-8 
0.3 24.75 x 10-8 


7 Eo b. Rate = k [HI]" 


The order of reaction is 


a. l b.2 c. d.15 


wa ST O 
2.75 x 10% =k (0.1}" 
11 x 108 = k [0.2]" fh 
Dividing Eq. (ii) by Eq. (i), 
4=7'! => n= 2 | 
4.8.3 GRAPHICAL METHOD 


In this method, data are plotted according to integrated 
equations for different order reactions. The rate of te, tafe 


jon R or ( 2 ton 
plotted versus concentration R or (a—x)orR*andsoo, ` 


a. If the rate of reaction remains constant in rate ie 
concentration graph, 1t means that the rate is indepen. 
of the concentration of the reactant, i.e. a 
Rate = k [R]? or Rate = k(a - x)? = k 
Therefore, the reaction is of zero order. 

b. If a straight line is obtained in rate versus concentrati 
graph, it means that the rate is directly proportional i +. 
concentration of the reactant, 1.e., l 
Rate = k [R] or Rate = k(a — x) 

Therefore, the reaction is of first order. 

c. Ifa straight line is obtained in rate versus (concentration 
graph, it means that 
Rate = k [R]? or Rate = k(a — x} 

Therefore, the order of reaction is 2. 

d. Similarly, if we get straight line in rate versus (concenmauat 

graph, then. 

Rate = k[R]° or Rate = k(a — x} 

Therefore, the order of reaction is 3. 

In general, if we get a straight line by plotting the graph © 
rate versus (concentration)”, where n = 1, 2, 3.... s0 0R, then 

Rate = k[R]" or Rate = k(a — x)" 
and the order of reaction is n. 

These graphs are given below: 


Zero order First order 
Rate Rate 
[R] or (a — x) Rreh 


Second order 


Rate 


[R]? or (a — x) 
ee 


Jarly, following gr aphs can also be plotted: concentration e i E f Chemical Kinetics 4.45 


< qimi O i 
pen T versus initial concentration of reactant (a,) 
5 tjon (dx/dt) versus concentration of reactant (a aes 


u 


ate 
Late if graphs are plotted in between log (dx/dt) and 

aa the slope of the line gives the order of reaction. 
el uea i 
po = log (dx/dt) = logk+n log(a — x) 


log(a — x) 


g (a) Different graphs for different order of reactions 


rable 4. 


Second Order Third Order 


Since k has unit in min~, thus, the given reaction is of 


; first order, 
What will be the initial rate of a reaction if its rate consumi is 10-3 
min! and the concentration of reactant is 0.2 mol a a, ar Now, rate = k [Concentrati on]! 
much of reactant will be converted into products 1n 200 min: 
| Rate = 10-3 x [0.2]! =2 x 104 mol da? mig”! 


> —_ N 
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2.3 a 
Also k= log f 
(a - x) 
PER 2.303 log 100 
200 (100 — x) 
x= 18.12% 


Which of the following graphs is not for zero order reaction? 


1/2 x 
a. b. 
t 
— > 
dx log 
iar d (a—x) 
(a—x) t 5 


d. Fora zero order reaction: dx/dt = rate of consumption 
of the reactant = constant. Graph a, b, and c represent 


zero order whereas d represents first order. 


Using the given graph showing concentration of reactants and 


products as a function of time for the reaction: 
A,—— 3A 
The time f, corresponds to 
[A] 


t 


When [A], = [A] 
[Ah -x= 3x 


or x= [Al = 
4 trta 


c wri re 
The plot of In ——"— against t is a straight line, shoy; 
Cy -% Wig 


reaction to be a 
` a. Zero order reaction 
c. Second order reaction 


b. First order Teaction 
d. Half order reaction 


c A 


0 0 l 
or In VS £ ÍS a stm; 
a-z (Ab-* Straight Iin 


b. The plot of In 


for first order reaction. 


4.8.4 HALF LIFE METHOD OR FRACTIONAL CHANGE 
METHOD 
A general expression for the half life (t) is given by 
i2 © 


qt 


where n is the order of reaction. 


Starting with different initial concentrations a, and a, for | 


the same reaction, the half lives (¢,,.), and (¢,,7),, respectively, are 
determined. As we know, 


l . 
(tii © or i) 
ay 


and (fi) © -5 (i) 
2 
Dividing Eq. (i) by Eq. (ii), 
(ph _ Gl j at 
(4)2)2 a 
Taking logarithms on both sides, 
log (tn); — log (t2) = (n — 1) [log a, — log a1] 


(n-1)= 
log a, — log a, 
wiped log (4/2) — log (42) 2 Ai) 
log a, — log a, 
Plots of half lives vs concentration (f; ~ a‘~") 
second ordèf 
Zero order First order 
fi2 f- ha 
Alo 
[Alb [Al aes 
Third order 


f 1/2 


I[A]Ż 
— > 
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is QsTWALD ISOLATION METHOD z. K{H,O]? = 0.0154 min“! 
h,o" ons involve 2 large number of reactants. In order to Hence, order of reaction w.r.t. (CH,COF) = 1 
come ae order of such reactions a method was developed b. Now the order of reaction w.rt. H,O is determined by 
gete™ i d known as isolation method. In this method, the using first order reaction. 
a 


tw . 
py 0S tion ofall reactants are taken in large excess except that of 


pone oncentration change only for this reactant is significant 
ante: he so much in excess that practically there is no change 
a8 other centrations. The constant terms may be combined with 
in er eons and we may write 
te = HAT [BIP IC} = AA? 
The value of a, i.e., the order of reaction with respect to A can 
be determined by either of the methods described above (Sections 


48.1-4.8.5). 


Average = 0.0125 min"! 
[flustRATION 4.96- Hence, the reaction is first order w.r.t. ( H,O). 


k{CH,COF]" (min™’) 


_ 23 og 20l 
t [H0], 


The reaction ce k[CH,COF]! = 0.0125 min! 
CH,COF + H,O —> CH,COOH + HF k in case II = 0.0125/0.800 M 
has been studied under the following initial conditions . = 0.0156 M! min"! 
k in case I 
Case I Case II k [H,O}! T 
[H,O], = 1.00 M [H,O], = 0.02 M | k = 0.0154/1.00 M = 0.0154 M! min! 
[CH,COF], = 0.01 M [CH,COF], = 0.80 M Half Life Method 


Concentrations were monitored as a function of time and 
are given below: i 


Case I Case II The half-life period and initial concentration for a reaction are 
t(min) | [CH,COF] (M) | t(min)  [B,0] M) as follows. What is order of reaction? 
20 0.00735 20 0.0156 ar 
ke t 1/2 ®© (a)!™ 
40 0.00540 40 0.0122 l 
Fol => 425 oc (350)! -.-(1) 
Determine the order of reaction and rate constant for the reaction. For ll => 275 œ (540)-* (G 
So For M = 941 oc (158)! . ...(ii1) 
a. Let rate = k{CH,COF]? [H,O]? l-n 
Gii i By Eqs. (i) and (ii), 423 = (350 
Using Ostwald isolation method, 375 540 
In first case: [H,O] >> [CH,COF], 
Taking log => log 42° 350 
In second case: [H,O], << [CH,COF], TNE NOG => 10g z275 7 l-n") log or al 2 


In first case, determine the order of reaction w.rt. 
(CH,COF), since [H,O]p is very high. 
The reaction is not of zero order as the rate of reaction At a certain temperature the halfehanae cana 
changes with time. Using first order reaction we find: decomposition of ammonia was found as follows: 


Pressure (Pa) KEET 
ii [CH,COF] KIH, O] (min) Pressure (Pa) n d 6667 | 13333 | 26666 
Y M Half life periodin hours | 3,52 | 192 
_ 2:3 Jog [CH;COF|, hile 
— t  [CH,COF], 


Calculate the order of reaction. 
| o | 0.01000 


(t2) ay m= 
(t2)2 a (where n is order of reaction) 


o tn) = 175s x 
4.50 Physical Chemistry ay 0.15 atm ss = 15 5 | 
—————— = 
From the given data, a,= 0.35 atm (1) /9)5 
n n ii k ~ | 
750 f | | (a œ initial pressure) 75 (18 J 
E (a 175 (0.35 
= (2! (0.428)! = (0.428)" | 
3,82 > „n-l=l 
ys =(n— log? f 
log 92 ( 1-2 
= 0.3010 xm- 
0.2632 = 0.3010 > (7 — 1) [LLUSTRATION 4.102 — 
n= {RTE The half-life periods of a reaction at initial COncentray 
> | aN en 
Similar calculations are made between first and third 0.1 mol L! and 0.5 mol I. are 200 s and 40 5 respect 
observations. 7 comes equal to 1.908 (=2). The order of the reaction is y 
Thus. the reaction is of second order. a. | b. 1/2 ež d. 0 
juiustration 4.99 c. [A], = 0.1 M—> tın 7200s 
Calculate the order of reaction from the following data: [A]p=0.3M—> t1, =4 0s 
From cases (i) and (11), we can conclude 
ty © [A], 
Therefore, it is a second order reaction. 
Alternatively, 
t a, \" 40 ` 5 AM 
> —| h)a 2 = a m a Epa 
reis log (42), — log (4/2) f ) h ) ad ae) 
log p, — log p; “ 
ayy 
„ log 3.52 - log 1.82 =(=]-(5 
log 100 — log 50 3/7 AS) 
=1.95=2 n-l=l1l 
Similarly, we may calculate for other set of conditions also. n=2 
Consider a reaction A —> B + C. If the initial concentration The half-life period of a substance is 50 mim at a certam miai 
of A was reduced from 2 M to 1 M in 1 hand from 1 M to 0.25 concentration. When the concentration is reduced to one- 
M in 2 h, the order of the reaction is of its initial concentration, the half-life period is found © ¥ 
a | b. 0 c.2 d.3 25 min. Calculate the order of reaction. 
Sol Sol. Suppose the initial concentration in the frst Ss" 


-l _ _ ec . 
a. Half life of the given reaction is independent of initial amol L . Then [Ag], 5a, (f .), = 30 mun 


concentration, hence it is a first order reaction. _a N 


r | ~ 
hy 7 PE | We know that for a reaction of nth order 
[Ao] 
For the reaction: , a 
o h Ah flak 
2NOCI(g) —+ 2NO(g) 4 Clo(g), the mixture containing Wnh [Aght (Ach | 
equimolar mixture of NO and Cl, gases at 0.15 atm was half Substituting the values, we get 
changed in 175 s. In an another experiment, with an initial at s0 ayasi i l-n 
‘ i 7 
0.35 atm, the mixture was half changed in 75 s. Find the order = (2) or e TE 
of reaction. = : L \2 


f e o l-n=lorn=0 
2) (4 ion i 
‘Soe | _ | Hence, the reaction is of zero order. 


j om parallel path reaction 
perin’ B 


A 


aH 


ears and 15 hrs respectively. Calculate the average half-life 


| 4 ihe decay of 
txt, 5x15 75 
ae = — =3.75 hrs 


geen hi ttt, ~ (5415) 20 


7 eee 
49 psEUDO MOLECULAR REACTIONS 
Shed E T T 


1_ 
t 


PsEUDO UNIMOLECULAR REACTIONS 


9.1 
i WHEN O.R. = 1, BUT MOLECULARITY = 2 


There are reactions in which more than one species is involved 
in the rate-determining step, but the order of the reaction is 1. 
such reactions are known as pseudo unimolecular reactions or 
pseudo first order reactions and they involve solvent molecules 
ora catalyst as one of the reacting species. Consider a chemical 
reaction between two substances when one reactant is present in 
large excess. During the hydrolysis of 0.01 mol of ethyl acetate 
with 10 mol of water, amounts of the various constituents at the 
beginning (t= 0) and completion (f) of the reaction are given as 


under. 
@ 

CH,COOC,H, + H,O —“—> CH,COOH + C,H,OH 
i=0 0.01 mol 
[=1 0 mol 9.9 mol 

The concentration of water does not get altered much during 
the course of the reaction. So in the rate equation 

Rate = k'(CH,COOC,H.] [H,O] 

The term [H,O] can be taken as constant. The equation, thus, 
becomes 

Rate = k{CH,COOC,H.] 
and the reaction behaves as first order reaction. Such reactions 
are called pseudo first order reactions. Thus, the reactions having 
Molecularity > 2 but the order of the reaction is 1 are called pseudo 
"molecular reaction e.g., 


10 mol 0 mol 0 mol 


0.01 mol 0.01 mol 


a. Hydrolysis of ester: 


RCOOR’ + H,O H?  RCOOH +R’ OH 
Rate = k[Ester]! [H,O]° 
~. OR = 1, but molecularity = 2 

b. Inversion of cane sugar: 

O,+ C,H, 296 


® 
CHO, +H,O —— CH: 
22™ 11 2 
Fructose 


Glucose 
v Rate = k[Sugar] [H,0]° 
*. OR = 1, but molecularity = 2 
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c. (CH;CO),0 + 2C,H,OH —> 2CH,COOC,H, + H,O 
Acetic anhydride 


(Ethanol, excess) Ethyl acetate 

w Rate = k [(CH,CO),0]! [C,H,OH]? 

“, OR = 1, but molecularity = 3 

| The concentration of the solvent (either H,O or C,H,OH) 

being in excess and the amount used up in the course of reaction is 
negligible with the total, so that the concentration remains virtually 
constant and thus the reaction rate is not influenced by the solvent 
concentration in above examples. 
Units of the rate constant (k’) of a pseudo unimolecular reaction 
when molecularity is 2. 
For first order reaction: Rate = k{Ester] a(i) 
For pseudo first order reaction: Rate = k' [Ester] [H,O] _ ...(ii) 

Compare Egs. (i) and (ii), 

k| Ester] = k’[Ester] [H,O] 


ie k(for first order) t' 


= =Lmof'! r! 
[H,0] mol L 


k' (for pseudo first order) = L mol! f!. 
Units of k’ represents a second order reaction. 


4.9.2 PSEUDO UNIMOLECULAR REACTION, WHEN 
O.R. = 1, BUT MOLECULARITY OF REACTION=3 
Example: Preparation of esters from anhydride and alcohol 
? O 
RCO- Č- R + 2R’ OH——>2RCOOR' + H,O 


(solvent) 


[Solvent] remains nearly constant during the course of reaction 


_ Units of k' of above type of reaction: 


For Ist order reaction: Rate = k {(RCO),O] .--(1) 
For pseudo unimolecular reaction (molecularity = 3) 
=k’ [(RCO),0] [R'OH} ...(i1) 


Compairing eq. (i) and (ii) 
k[(RCO),O] = k’[(RCO),O] [R'OH} 
_ k (for 1st order) _ i 
[R'OH] mol L? 


= L? mol t! (Units of 3rd order reaction) 


J 


4.9.3 PSEUDO BIMOLECULAR REACTIONS WHEN 
REACTIONS HAVING MOLECULARITY 2 3, BUT 
O.R.=2 

Example: Saponification of ester. 
CH,COOC,H, + NaOH —> CH,COONa + C,H;OH 


Units of rate constant (k') of a pseudo bimolecular reaction 
when molecularity is 3. 


© 
For second order reaction : Rate = A[Ester] [OH] (i) 


© 
For pseudo second order reaction : Rate = k'[Ester] [OH] [H,O] 


(ii) 
Lk» 


Compare Eqs. (i) and (ii), 
klEster] [OH] =F’ [Ester] [0H] [H,O] 
k(for second order) 


E= [HO] 


(mol L’) 


(mol ET 
———— eek 
(mol L ) 


(for n = 2) 


= mol? L? r! 
k (for pseudo second order) = L? mol? f! 
Units of }' represent a third order reaction. 

4.9.4 PSEUDO BIMOLECULAR REACTION WHEN 
O.R. = 2, BUT MOLECULARITY OF REACTION 
>3or4 

Example: Hypothetical reaction 

A+B+2C (solvent) —» P +Q 
[Solvent] remains nearly constant during the course of reaction. 
Unit of k' of above type of reaction: 


For 2™ order reaction: Rate = k [A] [B] (i) 
For pseudo bimolecular reaction (molecularity = 4) 
= K [A] [B] (CP oven i) 


Comparing eq. (i) and (ii) 

k[A][B] = FTAJ[BIICP 

pr Eor 2nd order) _ L mol! s~’ 
(cy mol? L? 


= L? mol t (Units of 4 order reaction) 


The hydrolysis of methyl acetate in aqueous solution has been 
studied by titrating the liberated acetic acid against NaOH. The 


concentration of ester at different times is given below: 
S : 


t (min) To | 30 | 60 90 
C(MolL') 0.8500 | 0.8004 | 0.7538 0.7096 


Show that it follows a pseudo first order reaction, as the 
concentration of water remains nearly constant (55 mol L~!) 
during the course of the reaction. What is the value of x’ in the 
equation? 

Rate = k'(CH,COOCH, |[H,0] 


‘Sol. For a pseudo first order reaction, the reaction should be first 
order w.r.t. ester when [HO] is constant. The rate constant 
k for pseudo first order reaction is; 


For first order reaction: rate = k [CH,COOCH, | wth) 
For pseudo first order reaction: 
Rate = k’ [CH,COOCH,] [H,O] . (11) 


Compare Eqs. (i) and (ii), 
k [CH,COOCH,] = &’ [CH,COOCH,] [H,O] 
<. k=K [HO] 


: Thus rate constant k for pseudo first order reactio | 
Nig > 
2.303, c -< the init | 
p= —— log -9 where c, is the initial Conc 
; c, “Ntratio, P 
ester and c, is the concentration of ester left afte r 
ime; 


Thus, when ¢ = 30 min 


2.3 ().85 l ere a 
Pind MS | = 2.004 x 10° -| 
f 8 aca iii 


30 
When ¢ = 60 min 


PAE, 0.85 j eE oer 
a = 2.002 x 10° min! 
k T oes min 


When £ = 90 min 


23 0.85 
_ 2344, | -282 | = 2.005 x 10° min 
k= So 08 ( aes ac 


It can be seen that k’[H,O] is constant and equal ty 
7.004 x 10-3 min! and hence it is pseudo first order reaction 
Thus, k’ can be determined as follows: 

k’[H,O] = 2.004 x 103 min” 

k (55 mol L`!) = 2.004 x 10° min! 


_ 2.004 x 10° min 


re = 3.64 x 10° mol! Lom 


Note: Units of k’ represent second order reaction. 


A+B—P 
when studied in 0.1 M of B is given by 


d[A] 
-A5 =-KA 
Ai [A] 
where k = 1.85 x 10% s}. Calculate the value of secon’ ore! 


rate constant. 


A + B—> P 


d[A] 
—_—— =hk[A 
dt LA] 
d[A 
a = 1.85 x 10* x [A] A 


Assuming the reaction to be of second order, 


d[A] 


~y 7 K [A][B] 
MAL pia, A" 
B7 =k’ [A] [0.1] 


Dividing Eq. (i) by Eq. (ii), we get 
_ 1.85 x10" 
k’ [0.1] 


k = 1.85 x 105 L mol! s7! 


À 
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RDER GAS 
~| qyplCAL FIRST O 


ASE REACTIONS 


cal first order gas phase reaction: 
l 


era 
wil! g B(g) + C(g) 
. „ be the initial pressure of A and P, is the total pressure 


| integrated rate equation for such a reaction can be 
The 
mê f. 


e 
pred e 


| pressure (P,) = P, + Pp + Pc (pressure units), where 
P p are the partial pressures of A, B, and C, respectively., 
andic 
pfe 


y atmosphere be the decrease in the pressure of A at time 
Ifx 


mole each of B and C is being formed, then increase in 
e ` 
re of B and C will also be x atm each. 


(0 
hy } pH 


t 


mdo 


ppe 
AD — BE) +c 
P, atm Dati oats 
Ly | ave 0 
Ù imet (P, -x) atm zi = 
vere P, is the initial pressure at time ¢ = 0, 
p=()-a)+x+x=P, +x 
z=(P_—P,) . 
| where P,= Py —x= Py —(P,— Py) 
| = 2p) —P, 
P 
je ==) [i 2 fo ) 
t P. 
T ° i ...(i) 
(“Qh -F) 


The following data were obtained during the first order thermal 
position of N,O, (g) at constant volume. 
e| _N,0;(g) 5 2n,0, (£) + O(g) 


100 
Calculate the rate constant. 


) Let the pressure of N,O.(g) decreases by 2x atm. ae 
| 2 mol of NO, decompose to give 2 mol of nae an 
l mol of 0,(g), the pressure of N,O,,(g) increases by 2x atm 
and that of O,(g) increases by x atm. 
2N,0.(g) —> 2N,0,(g) + Og) 


0.5 atm 0 atm = 


When t= 9 


; x atm 
At time t (0.5 _ 2x) atm 2x aim 


Total pressure (P) = Pwn,o,) * Poop * PO) 
= (0.5 — 2x) + 2x+x=05 4% 


So += p= 0.5 ; 
Pao =0.5 — 2x = 0.5 — 2(p,— re L= ap, 
P Att= 100 s; p,= 0.512 atm 


PA(N,0.) = 1.5 -2x 0.512 = 0.476 atm 
Using Eq. (i) above, 


_ 2.303 jon 2 T 
f Pa (N,0;) 
_ 2.303 lo 0.5 atm 
1005 0.476 atm 
= SoS 00816 3498102 s | 
1005 


A gaseous reaction 


A,(g) —> B(g) + ; C(g) shows increase in pressure from 


100 mm to 120 mm in 5 min. What is the rate of 


disappearance 
of A,? 
I 
Ag) — Big) + z M) 
Initial P 0 0 
At eq P-x x - 


A 


x X 
Total pressure = ERRE = ir 


Initial pressure (P) = 100 mm 
- Final pressure = Total pressure = 120 mm 


4 Pak ai 
2 


100+~ =120 
2 


Azoisopropane decomposes 


(CH,) CHN = NCH(CH,),(g) 


It is found to be a first order 


Py and pressure of the mixture 


constant (k) would be 


according to the reaction: 
250—290°C 

> N,(g) + CH, 4(g) 

reaction. If the initial pressure is 


at time t is (P.), then the rate 


9 
a ka 2303 log —Ĉ 
2R -R 
` 79 ? ? 
b. k= u3 lop a kii 
t 0 
P 
c. k = 2303 bg 
| RB 
9 
d. k= 2.303 log _2F 
t 2R — P 


Aù == OQA 
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(CH,),CH = NCH(CH,); — —> N, + CoH, 
t=0 Py 4 
t=t P-Y 
P,=Pọ-x+tx +x=Pytx 
x=(P,- Po) 
(a -x)= (Py — x) = Po- P,- Po) 
=2P)~-P, 
2.303 a 


k= log 
t a-Xx 


X X 


2.303, (Po) 
(2-A) 


= — 


For a reaction 


CHOCH, (g) —> CH,(g) + H,(g) + CO(g) at 750K, 

the rate constant is 6.72 x 10-3 min™!. Starting with a pressure 
of 400 mm of Hg at this temperature in a closed container, how 
many minutes would it take for the pressure in the container to 
become 760 mm Hg? 
Same CHOCH, —> CH, +H, + CO 


t=0 400 0 0 0 
t=t  (400—P) P P P 
P,«<400-P+P+P+P 

oc 400 + 2P œ 760 

2P x 360 

Px 180 

se ig een 
6.72 x10 400 —180 


Following data were obtained during the thermal decomposition 
of sulphury! chloride at constant volume and 285°C. 


SO,CL(g) — SO,(g) + a 


Some PH, is introduced into a flask at 600°C containin 


b. += 600s, P, = 302 torr "3 
180 +x=302, x= 122 torr 
2.303 180 
k= 


l PAPES 

G00 © 180—122 

_ 2303 0.4918 = 0.0018 s~! 
600 


Since the value of k is constant and hence first 
reaction. Order 


3 g inert 
gas. PH, decomposes to give P,(g) and H,(g). The total pressure 


as a function of time is given below. 


= (s) 600 
| Pressure (torr) 244 302 


Show that it is first order reaction. 


So SO,Cl (g) —> SO,(g) + Cl,(g) 
Initial 180 0 0 
At time t 180 —x x x 


Psi 180 -—x+x+x=180+x 
a. t=240s, P,= 244 
"180 + x = 244 => x = 64 


2.303 a 2.303 180 
k= —— log = —— log 
240 a-x 240 180 — 64 
2.303 
= 0.1909 =0. = 
0 0.00183 s 


Time (s) 7 0 i 60 — 120 Si 
Pressure (mm) (total) 262.4 272.9 | 27553 267 


Find the order and half life. 


4PH,(g) —> P,(g) + 6H,(g) 
Or 


1 3 
PH, (g8)—— gale) + 5 tLe) 
Initial a 0 0 
x 
Final a-x — 
4 2 
Pix pe 
4 2 
P, œ de a 
4 
a. When ż= 0, a x 262.4 
a+ 2 x x 272.9 
4 . 


i x o 272.9 — 262.4 


X 4 10.5 = aa = 14 
3 3 
2.303 262.4 
60 262.4 -14 
2.303 262.4 
— log 
60 248.4 


2. 
= a log (1.056) 


k= 


x 0.0238 = 0.0007 


2.303 
60 


b. When ż= 120s 
ax 262.4 


‘at ox x 275.53 


3 
7x 275.53 — 262.4 


4 oc 17.5 
ee 13.13 
i 262.4 
2.30 
K-90” 2624-175 
4 
2303, 262:4 
90 log 744.9 
Q 
à z 2.303 jog 1.07 
| 120 
_ 2303 < 0,029 
= | 
ù -0.0005 
0.0007 + 0.0005 
x average k= —— > T 0.0006 


ý | e For first order reaction 


0.693 _ 0.693 _ 999. 
| he 0.0007 


arsine decomposes on heating according to the equation 
7 AsH.(g) — 2AS(S) + 3H (g). The decomposition was studied 
t constant temperature and constant volume by measuring the 
total pressure at various intervals of time. 


Assume it to be a first order reaction, calculate the specific rate 
constant and half life of the reaction. 


Note: Here As is in solid form 


3 
Sol. AsH,(g) — As(s) + 5H) 
| Initial 1 0 0 
3 
At time f 1-x 0 2 
| a l-x42y 109 => 400.18 
p- 2203 og i -2303 0,084 
1-018 5 
= 0.04 min! 
b. l-x+Žx æ 1.13 5. g 0:26 
2.303 1 
eeik T 
k= -73 810.26 
2303 og 
75 "80.74 


= 2:303 0.1306 = 0.0401 min’ 
7.5 


c. I-x+Żx æ 1.16 => x œ 0.32 
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23 
k= oe ies l 
10 10.32 
_ 2303, | 
10. 0.68 
_ 2,303 
= == x 0.1676 = 0.039 min”! 
Mean value of k = 0.04 + 0.0401 + 0.039 
3 
= ().0397 min"! 
, — 0-693 _ 0.693 _ 57 46 
127k 00307 


The following first order order reaction takes places at 410 K: 


2CO(g) —> CO,(g) + C(s) 
The total pressure at the end of 401 s after starting with pure CO(g) 
is found to be 0.313 atm. At the time the reaction is 100% complete, 
the total pressure is found to be 0.1645 atm. Find 


a. The rate constant of the reaction. 
b. The pressure of CO after 401 s. 


Note: Here C is in solid form. 


2CO(g) —> CO, (g) + C(s) 


or 
1 l 
; cows CO,(g) +5 Cs) 
Initial © a 0 0 
At time t a-x is 0 
2 
a 
[100%] 0 — — 
2 


decomposition 
5 = 0.1645 => a = 0.329 


Total moles at time t 


2.303 A 0.329 
— 40I B 0.329 — 0.032 


Il 


2.303 , 0.329 
log —— 
401 0.297 


2.303 
= “x 0.0443 =2.5x 104s! 
Sy % 0.0443 = 2.5 x 107s 


b. Pressure of CO after 401 sis a -x 
= 0.329 — 0.320 = 0.297 
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4.11 ANALYSIS OF SOME IMPORTANT 
FIRST ORDER REACTIONS 


4.11.1 DIRECT OR INDIRECT ESTIMATION OF 
REACTANTS 


i i stric analysis 
Sometimes volumes of reagents are given In nares Pi y 
(when one of the reactant is estimated directly or mairec y, i.e., 
when V, is not given). _ 
1 the decomposition of H,O), H,O, is titrated 
acidic medium at different intervals 


For example, i1 
against KMnO, or K,Cr,O,1n 
of time. Then, the formula used 1s: 


2.303 4 
i= > ]og n) 
4 al 


where], = Volume of reagent used at zero time 


V, = Volume of reagent used at time ¢ 

I = Volume of reagent used at infinte time, or when the reaction 
is 100% complete. 

Let us take an example of decomposition of hydrogen peroxide 
(H,O,). 

2H,0,(1) —> 2H,0(1) + O,(g) 

The rate of this first order reaction is measured by titrating a 
fixed volume of H,O, (undecomposed) against a standard solution 
of KMnO,. Here KMnO, acts as oxidizing agent and H,O, acts 
as reducing agent. The volumes of KMnO, used for H,O, after 
regular intervals of time are as follows. 


Volume of KMnO, at t=.0 corresponds to volume of H,O, 
initially present. 
=> c £ Vo 

Volume of KMnO, at time instant £,, 1,, t},... corresponds to 


volume of H,O, remaining after t t 


1? l, 3a 


= 6,20, 
Now it being a first order reaction, follows first order kinetics, 


So 
30 

_ 2.303 ipo t 
Í V, 


l 


k 


Now using the above expression, if we calculate the values 
of k for different intervals 1,, t, ... (for actual numerical data), 


the values of k should be same if the reaction follows first order 


kinetics. 


4.11.2 DIRECT OR INDIRECT ESTIMATION OF 
PRODUCTS 


Consider a condition when one of the product is estimated directly 


or indirectly, i.e., when V} is not given. 


For example, in the decomposition of NH,NO,, the volume 
of N, is directly measured at different intervals of time. Then, the 


formula used is 


2.303 jpe Vo 
k ~ a = V, 


An example is the decompostion of ammonium, 
(NH,NO,) and benzene diazonium chloride (CHN = NC 


NH,NO,(s) —> 2H,0(1) + N,(8) 
C,H, -N =N - CI—> CH; -Cl + Nig) 


The rate of both the reactions is studied (measured) 


Nitrite 
! 


, l in simi] 
manner. The volume of nitrogen (N,) is collected after a ree, 
interval of times as follows: ar 
i. a T — 

Time instants | £= 0 fi tf | G t, T = 
Vol of N, 0 V, V, | V, v y al 
aa -- — = e cae | H 


At t= 0, clearly the volume of N, = 0. 

Time instant ¢ = © means the end of a reaction, i.e., when 
whole of NH,NO, or CiL—-N > N—C] is decomposed. 
=> Att= œ, V, corresponds to the initial volume of NH,NO, 
or C,H,~N=N-CL : 
(Note that the ratio of stoichiometric coefficient for both N. 
NH,NO, or N,: CgH,N = NCI is 1 : 1) - 
=> gek 

At t= t toy tas the volume of N, corresponds to the 
concentration of product formed, i.e., equal to x. 
= wer. 
> y terah, 
Hence, from first order kinetic, 

2.303 V 
k= —— log ———— 
Va —V, 
4.11.3 HYDROLYSIS OF ESTERS (CH,COOR’) IN 
ACIDIC MEDIUM 
CH,COOR' (Ester) + H,O + HCl (H®) —> CH,COOH 
j + C-H,0H 

The reaction rate is measured by titrating the acid (C H,COO#) 
produced against a standard alkali solution. Note that when a t°! 
sample is prepared from the reacting mixture, there are two acids 
one is mineral acid H® (HCI or any other) and second is C H, COOP 
produced. So the volume of alkali used gives the titration value tor 
both acids. The data is collected in the following manner: 


‘Timeinstants |¢*=0 | | 4) 4 ins 
Gane eal ae |; 
NolofNaOH | Yo [Mi | Yo | Ms on ee 


a. When V, is given 
At t = 0, V, is the volume NaOH used to neu À. 
mineral acid present (H®) being used as catalyst. (A i 
no CH,CHOOH is yet produced) 
At f= œ (i.e, at the end of hydrolysis), Fa lus 
of NaOH used to neutralize whole of CH,COOH 00H 
volume of HCI present. At ¢ = œ, the volume of CH; 
corresponds to the volume of ester taken initially. 
=> gx Va- Vo (as Vy = volume of HCl) ; 
PED =t bilye Vi Fas Vja correspond to the A 
HCI plus the volume of CH,COOH being produce™ 


Ai 


tralize th 


is the volume 


eof 


0 
fence from the first order kinetics, it follows: 


p, When V, is not given 
‘Le (V,,- Yo =o and V,,—V,=c¢,] 
When f= t; then 


2.303 tog 0 


k= fi Ch (i) 
similarly, when ¢ = t, 

2.303 Co l 
7 r" “ty (i) 


Operating Eq. (i) — Eq. (ii), we get 


Ct, 
k (t-f) = 2.303 log ~~ 


t 


i 2.303 ibe Ct | (iii) 
or x= 2 „(11 
Similarly, when t = ¢, and so on, we get 
2.303 c 
= bg _.iv) 
(4 - ty) C; 


l 


4.11.4 INVERSION OF CANE SUGAR (C,,H,,0,,) 


C2H0, + H,O + HÊ —> C,H),0¢ + CoH 0, 
(Glucose) 
The rate is measured by measuring the change in the angle of 
rotation (optical activity) by a polarimeter. Sucrose is dextro- 
rotatory, glucose is dextro rotatory, and fructose is /eavo-rotatory. 
The change produced in rotatory power in time / gives a measure 
of x, the quantity of sucrose decomposed at that time. The total 
change in the rotatory power produced at the end of reaction gives 
the measure of Co, the initial concentration of sucrose. 
If ro r, and r, represent rotations at the start of reaction, 
after time z, and at the end of reaction, respectively, then 


(Fructose) 


5 , -xx r,-t 
2.303 h-r 
hn =a 


Vol of O,(mL) 
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Si Nor vate 
a a Ba 
at LRA Aes ee 


The following data were reporte 


d for the decomposition of N,O, 
_120 


20 | 160 | 200 | 240 | æ 
37.70 | 45.85 | 52.67 | 58.34 | 8435 


Show that the reaction is of the first order and calculate the ra 
constant. 


te 


Note: This is an example of direct-estimation of product, i.e., O,. 


2303 84.35 
a. k= =- log ——_—___ 
120° 84.35-37.70 
2.303. 84.35 
(0° ” 4665 
= x 0.2572 = 0.0049 min’ 
bp 2303 top 8435” = gn gg et 
Pe a 
p- 2303 jog $435 ang mi 
e s=- 83435-5267] °° mm 
2.303 84.35 . 
d. k= ——1 = 0.0049 min! 


oS A 
240 84.35 — 58.34 


The value of k is constant. Hence, first order reaction. 


In an experiment on the decomposition of an aqueous NH,NO, 
at a certain temperature, the volume of nitrogen gas collected at 
different intervals of time was as follows: 


Time (s) 1190 | 2300 00 

Vol of N, (mL) 5.00 | 730 9.50 

Show how the above data illustrate that the reaction is of first 
order, 


Note: This is an example of direct-estimation of product, i.e., N,. 


g x NH,NO, $ N, + 2H,O 
2.303 A 

= log 

t Pa~, 

2.303 9.50 

1190 9.50 — 5.0 
2.303 9.50 

= — log — 
1190 4.5 

_ 2.303 
1190 


k 


x 0.32 = 0.0006 s~! 


2.303 9.50 
180° b. k = 3300 log EE 
Fia. 4.11 Change of optical rotation from (+) to (-) | 


o paanan O O O 
n 42.1 — 19.24 
E _ VENA emerge re 
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2.303 = 0.0006 s7! i 
= “x 0.635 =0. 03 — 0.0097 min 
2300 _ 2302 < 0.1687 = 0.0 


order reaction. re 
kis constant. Hence, first order reac 


2:308 jog 42.1 19.28 
a k= I~ 108 i-as 


The value of 


= 0.0097 min! 


det > r Wi 
DE RAN f A 
he a AN eS 
eh Dale Seiten 
à 


In the dehydration of oxalic acid by conc H,SO, 
(COOH), —> CO + CO, + H,O B nae and 

2 mL of the solution was withdrawn at arian’ 

titrated against 0.1 N KMnO, solution. Show that the r 


is of first order. ee eee 


The value of k is constant. Hence, first order reaction, 
ae 


having dextrorotation of 34.50) 


% solution of cane sugar 
A 20% solu 0.5 N lactic acid to at 298 K. The rotations 


600 inverted by 
Jap 0 300 | 450 
Bin a - 320 | 170 15.0 | 134 determined are as follows: 
| a 4p Time (min) OU 
used (mL | 
l 7 — Rotation cae 


Note: This is an example of indirect estimation of reactant, 1.¢., 


itration of oxalic acid by KMnO Show that the inversion of sugar is a unimolecular reaction, 
titration of ox 4° 


B 
bb) CH0; + H0 > C.H,,0, + C.H,,0, 


“Sol. (COOH), —> CO + CO, + H,O 


2 Vi 2.303, —ho 
yes red k= log Eai 
t 
p= 2303 e 22 2.303 a 34.50 — (10.77) 
t= —— log — = ——— log ——____ 
7 300. 17 . 14.55 ° 31.1—(-10.77) 
300 14.55 ~ 41.87 
b. k= ane log 72 = 0.00085 min"! = 2.303 x 0.0339 _ 0.0053 min”! 
450 15 , 14.55 
E EEE E aac _ 2303 g 34-50 - 10.77) 
600 13.4 111.36 13.98 — (—10.77) 
The value of k is constant. Hence, first order reaction. _ 2.303 


45.27 _ 2.303 x 0.262 


— 


PO R RRRA EG ISAO , 7 111.36 5 24.75 11136 


DA KAREAR D A A ee, Ne 


= 0.054 min” 


Methyl acetate was subjected to hydrolysis in N-HCI at 298 K. 5 
mL of the mixture is withdrawn at different intervals and titrated 
with about N/8 NaOH. The following results were obtained: 


The value of k is constant. Hence, first order reaction. 


Time (min) 0 25 00 
Volofalkali 19.24 24,20 42.1 


used (mL) = AO 


eee: eee a _ consumed are as follows: 
Show that the reaction is of first order. | 3: 


i - 2 SeS mne 
e Time(s): | 339 | 1242 | 2745 | 4546 | œ 
SAB cu,coocn, +4,0 "+ CHCOOH + CHOH VolofNaOH | 26.34 | 27.80 | 2970 
t 2.303 lo V, == V ont) —— a Oe the 
p °% V,-V, Show that the hydrolysis is a first order reaction. Also find 
rate constant (k). 
a. p= 2303 log 42:1 = 19.24 eae | V, -h 
25 42.1247 (SOl For ester hydrolysis, equation k = = log r 
_ 2.303 22.86 i i 
= So S i 
- log ince Vo 1S not given 


.303 
Ea x 0.106 = 0.0097 min”! 


NNN ap 


Let V- Vo = cy and Pany 6, 
When t= ¢, 


CIICHIICAL INTIS he eE 


2.303 log oo (i) 
gltly. WERT 2 
ë ” 
2303 log aa stl) 
k h Ct 


operating gq. (i) Eq. (ti), we get 


Ci, 
— 2.303 log —— 
t) 


Mh 1) 


or 


Cr m 
2303. log > (i11) 


k= (h-hh) Ch 


Now find c r 


as | nss | e 

39.81 — 27.80 | 39.81 — 29.70/39.81 — 31.81 

nd t-o 339 — 1242 = -903 s 
tt, 339 — 2745 =-2406 s 
(“= 339 — 4546 = —4207 s 
Using relation given in Eq. (iii), 


2303, 12.0 
pe top — — =00025 x log (0.89 
1 _903 ©7347 g (0.89) 
| -= 0.0025 x -0.0506 = 1.27 x 104s" 
2303. 10.11 
= £0? tog —- =-0.00095 x log (0.75 
h= ao 8 13.47 g (0.75) 
— 9.00095 x -0.1249 = 1.19 x 104s? 
k= a. ig = 9.00054 x log (0.59) 
4207” 13.47 
— 9.90054 x -0.2291 = 1.23 x 104s" 
kveg = 1-23 x 104 s7 
The first order reaction: 


Sucrose —> Glucose + Fructose takes place at 308 K in 
0SNHCL At time zero the initial total rotation of the mixture is 
32.4°. After 10 min, the total rotation is 28.8°. If the rotation of 
sucrose per mole is 85°, that of glucose is 7.4°, and of fructose 
'8-86.04°, calculate the half life of the reaction. 


Sa. Letr,,r,, r, be rotation per mole of sucrose, glucose, and 
fructose, respectively. 
Sucrose ——> Glucose + Fructose 
initial E 0 0 
after time 1 a-x x x 


ar, =324>a= 229038 
85 


(a =x)r + xr, + x7 28.8 
x (r, + r= ri) +ar 7 28.8 


$ Time (min) 


x(r, +13 - ri) = 28.8 — 32.4 =-3.6 
x(7.4 — 86.04 - 85) = -3.6 


x = 0.022 
c= 23 tog (238 
10 5 0.38 — 0.022 
=59 x 103 min! 
A = Asa 116.9 min 


59x10” 


In the acid hydrolysis reaction A + H,O + H® —> Product, 


where [H®] = 0.1 mol dm” and H,O is present in large excess, 
the apparent rate constant is 1.5 x 10% s!. Calculate the true 
rate constant. 


p= AA] = MAJ [H,O] R°) 


Since [H®] is essentially constant (because the catalyst is 
regenerated and [H0] >> [A]) 


*. r= kppp [A], where kapp = k [H0] [B9] 


k = Kapp 
[H,O] [HÊ] 
[H®] = 0.1 mol dm” 
1000 


Hol = 55.6 mol dm” 


(55.6 mol dm >) (0.1 mol dm ~) 
=2.7x 10% dm® mol? s! 
= 2.7 x 10° L? mol? s7? 


Hence, k = 


Inversion of sucrose is studied by measuring the angle ofrotation 
at any time t. 


HÊ 
C2H0; + REO > CsH,206 + C6H,206 


(Sucrose) (Glucose) (Fructose) 


It is found that 


(r,, — 1%) © a and (r~r) (a -— x), where rp; Tp and r are 
the angle of rotation at the start, at the time ¢, and at the end of 
the reaction, respectively. From the following values calculate 


the rate constant and the time at which the solution is optically 
inactive. 


Rotation of polarized 
light (degree) 


“Sol. When have been given 


LL» 


ry = 24.19, r, = 10°, r,, =-10.7° 
Thus, a = (r,, — ro) =— 10.7 — 24.1 = — 34.8° 
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/ CONCEPT APPLICATION EXERCISE 4. 


1. 


(a- x)= (r-t) = ~10.7 — 10.0 = — 20.7 
Te oef =") =0.011 min” 
7 46 20.7 
Solution is optically inactive when r, = 0 after time ¢ 
Thus, r,, — ro = —34.8° and ra- r, = —10.7° 
2.303 lo (25) 
j -10.7 


Thus, 0.011 = 


This gives t= 107.2 min. 


A first order reaction is 40% complete in 50 min. In how | 


much time will the reaction be 80% complete? 


. The decomposition of N,O, in CCI, solution follows the 


first order rate law. The concentration of NO, measured 
at different time intervals are given below: 


j 


Calculate the rate constant at t= 410 s and /= 1130 s. What 
do these results show? 


. A first order reaction is 20% complete in 10 min. Calculate 


the time taken for the reaction to go to 80% completion. 


. The decompostion of N,O, in CCL, at 45°C 


2N,0, —“*» 4NO, +0, 


is first order reaction with k = 6.32 x 104 s"!. Calculate 
the concentration of N,O, remaining after one hour when 


the initial concentration of N,O, was 0.40 mol L~!. What 
percentage of N,O, has reacted? 


. Three experiments were performed for the following | 


reaction: 


2NO(g) + CL,(g) —> 2NOCI(g) 
The following data were obtained: 


| Experiment Inital concentration Initial rate 


(mol L~! s~!) 
a. 2.40 x 10-4 
216% 109 


Determine (a) the orders with res 


pect to Cl, and NO, 
(b) rate law, and (c) rate constant. 


- During the decomposition of N,O, dissolved in carbon 


tetrachloride at 303 K, the following results wer 


Vol of O, 15.6 
collected (mL) 


Show that the reaction is of first 
rate constant. 


e obtained: 


order. Also calculate the 


Time in seconds (f) 0 [80 ie 
[N O] (mol LL“) | 5.5/5.0 4.8 | 4.0 | 3.4 | 2.4 | 1.6 | 


14. 


15. 


T. 


. An acidic solution of sugar was hydrolyzed to the extent 
. The rate constant for the decomposition of N,0, 7 


10. 


| 12. 


13. 


Diazobenzene chloride decomposes as: 
C,H,N,Cl——> C,H.Cl + N, | | 

The volume of N, evolved at different times was meas 
and following results were obtained: 


Time (min) | 0 | 20 | 70 =] 
Vol of N, (mL) | 0 l0 33 162 


Calculate the (a) order of reaction and (b) rate constant. 


ured 


of 57% after 66 min. Assuming the reaction to be of first 
order, calculate the time taken for 75% hydrolysis, | 


6.0 x 10+ s™!. At what time will the initial Concentration 
of 1 M be reduced to 0.2 M if the reaction is of first order? 


Suppose 50 bacteria are placed in a flask containing 
nutrients for the bacteria so that they can multiply. 


A study at 35°C gave the following results: 


45 | 6 | 


Time (min) | O | 15 | 30 
Number of bacteria | 50 | 100 | 200 800 


Show that the rate of production of bacteria is of first order 
How many bacteria will be there after 3 hours? 


. In milk at 37°C lactobacillus acidophilus has a generation | | 


time of about 75 min. Calcualte the populaion relative to 
the initial value at 30 min. 


The rate of decomposition of hydrogen peroxide at a 
particulat temperature was measured by titrating its solution 
with acidic KMnO, solution. Following results were. 


obtained: 
Time, t (min) 


0 10 20 
| mol (KMnO,) 22.8 13.8 8.3 | 


a. Show that the reaction is of first order. 


b. Calculate the rate constant. 


The following data were obtained for the decomposition of 


NO in contact with gold surface at 900°C. Find the order | 
of reaction. 


30 45 
Cane sugar is gradually converted into dextrose and 
laevulose by dilute acid. The rate of inversion is observed 


by measuring the polarization angle, at various times, when 
the following results are obtained: 


l e 
Show that the reaction is of first order. Calculate the valu 


of t, when the solution is optically inactive. 


1 mL of methyl acetate was added to a flask contain 
20 mL of N/20 HC] maintained at 25°C, 2 mL of reactlo 


= 


— 
oo 


— 
\o 


2 


— 


22, 
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~ „as withdrawn at different intervals and titrated 


Ai ndard alkali solution. The following results were 

4 a 

with 4s . 

a min) 0 fe 119 | 183 o 

T ased (ML) 19.24 | 24.20 | 26.60 | 29.32 | 42.03 
cA —— - = 


hat the reaction follows first order kinetis. 

c 

„te of a certain reaction depends on the concentration 
here = 

1g tO the equation: 


pi 
show t 


dic] _ oe 


y= «tke 
What will be the order of reaction, when concentration (c) 


Is 


a, Very high b. Very low 


l B 
reaction “A” proceeds inparallelchannels A 4 c „Although 


kC branch is thermodynamically more favourable than 
he branch A > B, product B may dominate in quantity 
over C. Why may this be so? Suppose the half life values 
for the two branches are 60 min and 90 min, what is the 
overall half life value? 

Surface-catalyzed reactions that are inhibited by the 
products obey the rate equation (in same cases): 

d k(a - x) 
d  1l+bx 
reactant and k and b are constants. x is the concentration 
of products at any time ¢ and the reaction is A—> B. 

a. Integrate the above equation. 

b. Derive an expression for t}; 


, where a is the initial concentration of the 


. For a reversible first order reaction. 


A -n B; k, = 10° s” 


md Ea 


[Ale 
What will be the concentration of B after 30 s? 


= 4. If [A], = 0.01 M and [B] = 0 


Show that the time A , for nth order reaction is a function 


t 
3/4 . 
of n alone. 1,,, is the time required for concentration to 


become one-fourth of the original concentration. 


- The conversion of trypsinogen (A) into trypsin (B) is 


an autocatalytic reaction A > B where B catalyzes the 


-dx 
reaction. The rate equation is: FI = kxy, where x and y 


are concentrations of trypsinogen at time í. 
a. Integrate this equation for initial concentration of xo 
and y, for A and B, respectively. 


.303 yx 
b. Show that kt = . log -a 
7 (xo + Yo) X. Yo 


The oxidation of certain metal is found to obey the equation: 
AY = ot + B, where A is the thickness of the oxide film at 
time t; a and B are constants. 

What is the order of this reaction? 


a 


23. The inversion of cane sugar proceeds with constant 


t n = 500 min, at pH = 5 for any concentratrion of sugar. 


However, if pH = 6, t changes to 50 min. Derive the rate 
law for inversion of cane sugar. 


. 157.8 min 2. Istorder 3.72.12 min 
4. (a) [N;O;]en = 0-041 M (b) % of N,O, reacted = 89.75% 
5, (a) Order w.r.t. CL = 2, order w.r.t. NO = 1 

(b) Rate = k[NO][CL]? (c) K = 1.2 x 10? mol? L? s7! 
6. k=5.08x 10% 7. (a) OR = 1, (b) k= 3.21 x 103 min! 
8. 108.4 min 9, 2683 5 10. 2.04 x 10° 


= | 


11. 1:32 12. (a) yes (b) k = 0.5057 min! 
13. Ist order 14. t = 86.5 min 15. yes 
16. First order 17. 36 min 


Oe hr ie Oars anjoe| 


log 2 + ab(log 2 — 0.5) 
(b) ty. = k 


19. 2.50 x 10° M 


2 | -2 
x 


g= 


20. The ratio depends only on n. 


21. Factual 22. First order 


eee 


23. r = k (sugar) 


4.12 THEORIES OF CHEMICAL 
KINETICS 


We have already noted that a complex reaction involves a number 
of elementary steps. The mechanism of a reaction includes the 
sequence of elementary steps by which the reactant molecules 
are converted into products. The necessary condition for any 
mechanism proposed is that the rate law expression derived on 
the basis of this mechanism should agree with the experimentally 
determined rate law. We do not have any general theory for rates of 
complex reactions. However, there have been several approaches to 
calculate the rate constant of elementary reactions. The elementary 
reactions may be unimolecular in which one molecule of the 
reactant is converted into the product(s). A bimolecular reaction 
may involve combinations of two molecules or exchange of 
atoms or group of atoms between the two reactant molecules. In 
a termolecular reaction, three reactant molecules take part in the 
reaction simultaneously. The temperature dependence of the rate 
constants for elementary reactions has helped a great deal in the 
development of various theories of reaction rates. 


4.12.1 TEMPERATURE DEPENDENCE OF THE RATE 
OF A REACTION 


Temperature has a great influence on the reaction rate. In general, 
an Increase in temperature increases the rates of almost all — 
reactions. On the other hard, a decrease in temperature decreases 
the rate. 


l For example, in the decomposition of N,O,, the time taken 
for half of the original amount of material to decompose is 
12 min at 50°C, 5 hr at 25°C and 10 days at 0°C. Similarly, in 
a mixture of potassium permanganate (KMnO,) and oxalic acid 
(H,C,0,), potassium permanganate gets decolourized faster at 
a higher temperature than that at a lower temperature. 


4.62 Physical Chemistry 


It has been found that for a chemical react 
temperature by 1 0°C, the rate constant Is nearly 
called temperature coefficient. 

The temperature dependence o 


can be accurately explained by Arrh ip 
proposed by Dutch chemist, J.H. van’t Hoff but Swedish chemist 


Arrhenius provided its physical justification and interpretation. 

k= Ae EVRT (1) 
where A is the Arthenius factor or the frequency factor for binary 
collisions. It is also called pre-exponential factor. Itisa constant 
specific to a particular reaction. R is the gas constant and Æ a x 
the activation energy measured in joules per mole (J mol” ). 
The two quantities A and E, are collectively called Arrhenius 
parameters. . 

Equation (i) tells us that the rate constant increases 
exponentially with the increase of temperature. 

It can be understood clearly by considering the following 
simple reaction: 


ion with rise in 


doubled and is 


f the rate of a chemical reaction 
enius equation. It was first 


H,(g) + L(g) —> 2HI(g) 

HI HI H—I 

|}+|—: :— + 

H I H---I H— I 
Intermediate 


According to Arrhenius, this reaction can take place only 
when a molecule of hydrogen and a molecule of iodine collide to 
form an unstable intermediate. It exists for a very short time and 
then breaks up to form two molecules of hydrogen iodide. 

The energy required to form this intermediate, called 
activated complex (C), is known as activation energy (E,). 
Fig. 4.12 is obtained by plotting potential energy vs reaction 
coordinate. Reaction coordinate represents the profile of energy 
changes when reactants change into products. 


Some energy is released when the complex decomposes to 
form products. So, the final heat of the reaction depends upon the 
nature of reactants and products. From Fig. 4.12, it may be noted 
that 


Activated 
complex 


E (Threshold 
energy) 


Potential energy 


Reaction coordinate 


Fig. 4.12 Diagram showing the plot of potential energy vs reaction coordinate 


Threshold energy = Activation energy + Energy possessed by 


the reactants 

All the molecules in the reacting species do not have the 

same kinetic energy. Since it is difficult to predict the behaviour 

of any one molecule with precision, Ludwig Boltzann and James 
Clark Maxwell used statistics to predict the behaviour of la 

number of molecules. According to them, the distribution of iinet 


energy may be described by plotting the fraction ofing 
(N;/Ny) with a given kinetic energy E vs kinetic energy (Fig 7 
Here, Ng is the number of molecules with energy £ ang N, is ), 
number of molecules. Ota] 


3 
> oO 
Z| ee be 
a gl-- a Most probable 
Zs pe velocity 
: 
(e) 
5 
| E i 
S : 
4 Se 


Kinetic energy ———> 


Fig. 4.13 Distribution curve showing energies among gaseous Molecules 


The peak of the curve corresponds to the most probable 
kinetic energy, i.e., the kinetic energy of maximum fraction 
of molecules. There are decreasing number of molecules with 
energies higher or lower than this value. When the temperature 
is raised, the maximum of the curve moves to the higher enegy 
value (Fig. 4.14) and the curve broadens out, i.e., spreads to the 
right such that there is a greater proportion of molecules with 
much higher energies. The area under the curve must be constant 
since total probability must be one at all times. We can mark 
the position of E, on Maxwell Boltzmann distribution curve 
(Fig. 4.14). Refer to Overview point 24 also. 


This area shows 
fraction of additional 
molecules which 
react at (f+ 10) 


This area 
shows fraction S 
of molecules 


reacting at f 


(NE/Nr) 
Fraction of molecules ———> 


SA Sf ff fj 


Kinetic energy ———> 


Fig. 4.14 Maxwell and Boltzmann distribution curve showing temperature 
dependence of rate of a reaction 


Increasing the temperature of the substance increases the 
fraction of molecules, which collide with energies greate! er 
E, It is clear from the diagram that in the curve at (t + 10} 


, D . `~ . or 
area showing the fraction of molecules having energy equal to 


ind 
greater than activation energy gets doubled leading tO doubling 
the rate of a reaction. 


. to 
In the Arrhenius equation (i) the factor e£’ corr esponds 
the fraction of molecules that have kinetic energy greater ya f 


and is called Boltzmann factor. Taking natural logarithm of b° 
sides of Eq. (i) 


E (ii) 
In k o a + In A = — a a 
RT or log k= log A 3303RT 


lecule, ‘| í 


| 
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It has been found that for a chemical reaction with rise in 
temperature by 10°C, the rate constant is nearly doubled and is 
called temperature coefficient. . 

The temperature dependence of the rate of achemical reaction 
can be accurately explained by Arrhenius equation. It was first 
proposed by Dutch chemist, J.H. van’t Hoff but Swedish chemist 
Arrhenius provided its physical justification and interpretation. 

k = Ae EXRT silt) 
where A is the Arrhenius factor or the frequency factor for binary 
collisions. It is also called pre-exponential factor. It is a constant 
specific to a particular reaction. R is the gas constant and Fae 
the activation energy measured in joules per mole (J mol” ). 
The two quantities 4 and E, are collectively called Arrhenius 
parameters. . 

Equation (i) tells us that the rate constant increases 
exponentially with the increase of temperature. 

It can be understood clearly by considering the following 
simple reaction: 


H,(g) + L(g) => 2HI(g) 

H I H---I H— I 
|+{—: :— +t 
H I H---I H — I 


Intermediate 


According to Arthenius, this reaction can take place only 
when a molecule of hydrogen and a molecule of iodine collide to 
form an unstable intermediate. It exists for a very short time and 
then breaks up to form two molecules of hydrogen iodide. 


The energy required to form this intermediate, called 
activated complex (C), is known as activation energy (E). 
Fig. 4.12 is obtained by plotting potential energy vs reaction 
coordinate. Reaction coordinate represents the profile of energy 
changes when reactants change into products. 

Some energy is released when the complex decomposes to 
form products. So, the final heat of the reaction depends upon the 
nature of reactants and products. From Fig. 4.12, it may be noted 
ihat | 


Activated 
complex 


E,{Activation 


E, (Threshold 
energy) 


energy) 


(H2 +bh)A 


Potential energy 


Reaction coordinate 
c 


Fig. 4.12 Diagram showing the plot of potential energy vs reaction coordinate 


Threshold energy = Activation energy + Energy possessed by 
the reactants 
All the molecules in the reacting species do not have the 
same kinetic energy. Since it is difficult to predict the behaviour 
of any one molecule with precision, Ludwig Boltzann and James 
Clark Maxwell used statistics to predict the behaviour of large 
number of molecules. According to them, the distribution of kinetic 


energy may be described by plotting the fraction of 


(N/N) with a given kinetic energy E vs kinetic energy ules i 
Here, N; is the number of molecules with energy £ ae ae 3) 
number of molecules. TIS total 
E 
E? 
EO 
PA E i Most probable 
E% ` velocity 
g Eag ú 
= z 
ia = — 


Kinetic energy ———> 
Fig. 4.13 Distribution curve showing energies among gaseous molecules 


The peak of the curve corresponds to the most probable 
kinetic energy, 1.€., the kinetic energy of maximum fraction 2! 
of molecules. There are decreasing number of molecules with 
energies higher or lower than this value. When the temperature |1). 
is raised, the maximum of the curve moves to the higher enegy 
value (Fig. 4.14) and the curve broadens out, i.e., spreads to the 
right such that there is a greater proportion of molecules with 
much higher energies. The area under the curve must be constant * 
since total probability must be one at all times. We can mark 2 
the position of E, on Maxwell Boltzmann distribution curve ` 
(Fig. 4.14). Refer to Overview point 24 also. 


wn 
O oao NA eg 
em This area shows 
é fraction of additional 
m - 
3 o molecules which 
e] This area react at (t+ 10) 
S shows fraction S 
3 of molecules 
as reacting at t ` 


Kinetic energy ———> 


Fig. 4.14 Maxwell and Boltzmann distribution curve showing temperature 
dependence of rate of a reaction 


Increasing the temperature of the substance increases the 
fraction of molecules, which collide with energies greater ee 

l , e 
E,. It is clear from the diagram that in the curve at (t + 10), 


À l : or 
area showing the fraction of molecules having energy equal to 


greater than activation energy gets doubled leading to doubling 


the rate of a reaction. 


‘ ; : s to 
In the Arrhenius equation (i) the factor o-EWRT correspond 
the fraction of molecules that have kinetic energy greater than s 


and is called Boltzmann factor. Taking natural logarithm of bo 
sides of Eq. (i) 


(il) 


In k= — É, +InA orlog k= log4-~-— pr 
RT 2.303RT 


jot of In k or log k vs 1/T gives a straight line according 
hown in Fig. 4.15. 
~<— Intercept = In A or (log A) 


~~ theP 
i (ii) 8° 


Slope =—E,/R 
i (OR) <p 
Ink Slope = 7303% 
or 
log k 


1/T—> 
Fig. 4.15 A plot between Ln k or log k and 1/T 


Thus. it has been found from Arrhenius equation (1) that increasing 

o temperature OF decreasing the activation energy will result 
iq an increase in the rate of reaction and an exponential increase 
in the rate constant. 


4.12.2 CALCULATION OF ACTIVATION ENERGY AND 
FREQUENCY FACTOR (A) 


The activation energy can be calculated from Eq. (ii). As is clear 
the equation is in the form y = mx + c which represents a straight 
ine. When log k is plotted against 1/7, we get a straight line. The 
intercept of this line which is equal to log A and the slope is equal 


a 


2.303R_ 


t0 — 


= Slope= — E, 
2.303R 


(iii) 
Knowing the value of slope and gas constant R, the activation 
energy can be calculated as 
E =-2.303R x Slope 


Alternatively, E, and A can be determined by measuring the 
values of rate constant at two different temperatures. Let k, and k, 
are the rate constants for the reaciton at two different temperatures 
I and T, respectively. Then, 


E 


log k, = log 4- 2 or TIT (iv) 
. | 
E 
and log k, = log A - a AV) 
2 2.303RT, 
Subtracting Eq. (v) from (iv), we get 
E ] ] 
log k, — log k, = ——— A 
2 BN 5 303R| 7, D 
or loa? = Ea 1H 
k  23083R| 1 T 
E, Ea (vi) 
2.303R | Tih 
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4.12.3 COLLISION THEORY 


We have learnt that the basic requirement for a reaction to occur is 
that the reacting species (atoms, molecules, or ions) must collide 
with one another. This is also the basis of collision theory for 
reactions. It is based on the kinetic theory of gases. According to 
this theory, the reactant molecules are assumed to be hard spheres 
and the reaction is postulated to occur when molecules collide with 
each other, The number of collisions that takes place per second per 
unit volume of the reaction mixture is known as collision frequency 
Z. The value of collision frequency is normally very high. For 
instance, under ordinary conditions of temperature and pressure, 
in a gaseous system, the collision frequency of binary collisions 
is of the order of 1025 to 102%. If all the collisions are effective in 
forming the products, the reactions must be completed in a very 
short time. However, in actual practice, most of the chemical 
reactions are slow and take much longer time for their completion. 


This means that all the collisions among the reacting species 
at a given temperature are not effective in bringing about the 
chemical reaction. The collisions which actually produce products 
and, therefore, result in chemical reactions are called effective 
collisions. 

There are two important barriers to a reaction, namely 
(a) energy barrier and (b) orientation barrier. 


a. Energy factor: For a collision to be effective the colliding 
molecules must have energy more than a particular value. 
The minimum energy which the colliding molecules 
must have in order that the collision between them may 
be effective is called threshold energy. Thus, at ordinary 
temperature, and pressure, most of the molecules may not 
possess energy equal to or greater than the threshold value. 


In the graph (Fig. 4.16), E corresponds to minimum or 


threshold energy for effective collision in a hypothetical 
reaction. 


There is an energy barrier for each reaction. The reacting 


species must be provided with sufficient energy as to cross 
the energy barrier. 
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Fig. 4.16 


The minimum amount of energy 
molecules to participate in 
energy, 


| required by reactant 
a reaction is called activation 


Activation energy = 
8y = Threshold ene | 
rgy — Average kineti 
ic 
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Threshold energy al energy of reactant 


= Initial potenti 
molecules + Activation energy 


A collision between high energy molecules overcomes 
ye forces of repulsion and brings the formation of an 
alled the activated complex. 
all. Thus, 


tl 
unstable molecule cluster, c 


The life span of an activated complex is very sm 
an activated complex breaks either into reactants again or 
„ products. The activation energy (Z,) 
ature of chemical bonds undergoing 
of enthalpies of reactants and 
during exothermic and 
tion 


new substances, 1.¢ 
depends upon the n 
rupture and is independent 


products. The energy changes 


endothermic reactions versus the progress of the reac 


are shown in Fig. 4.17. 


(Exothermic) 
AH = ~ve 
Activated 
complex 


<— Threshold energy (E) -> 
Energy — > 


Progress of the reaction 


(Endothermic) 
Activated AH = +ve 
complex 
Ea) 
f f Threshold 
| he yee iene ia a er ieee ae energy 
a | ant [es Eo 
Z Reactants PE of 
A+B PE of products 
reactants 


Progress of the reaction 


Fig. 4.17 Activation energy of exothermic and endothermic reactions 


Thus, every chemical reaction whether exothermic 
endothermic has an energy barrier which has to be Ni j 
before reactants can be transformed into products. If tl f 
reactant molecules have sufficient energy, they can ‘each the 
si : the energy barrier after collision and then they a 
ty a ini slope and consequently change into 
Lene ts ý w energy for a reaction is low, the 
eee tae fers will be large and the reaction 
een aso . i hand, if the activation energy is 
F . he tion of e fective collisions will be small and 
ion will be slow. When temperature is increased, 


the number of active molecules increases, i.e., the numb 
of effective collisions will increase and the rate of reacti ie 
on 


will also increase. 
Activation energy, E = E activated complex) 7 E a ais 
AH = Activation energy of forward reaction [Ex] - 

Activation energy of backward reaction [Eo 
Orientation factor: In some cases it is found that even if 
a large number of colliding molecules have energy more 
than the threshold value, still the reaction is slow. This jg 
because of improper orientation of the colliding molecules 
at the time of collision, as shown in Fig. 4.18. 


" sit & 
A A (a A)-7 Aa) 
Ly ee ih 
EB L 
= : Lows 


Fig. 4.18 Illustration of orientation factor for (a) effective collision and 
(b) ineffective collision 


Another example of proper and improper orientation is the 


formation of CH,OH from CH,Br with OH ions. which 

depends upon the orientation of reactant molecules as shown 
` in Fig. 4.19. 

The proper orientation of reactant molecules leads to bond 

formation whereas improper orientation makes them simply 

bounce back and no products are formed. 


© 
CH,Br + OH —> CH,OH + Br® 


Improper 
orientation 


Hv 4s s 9 H products 
H—C—Br+0OH 
Ho 
sha s | 
orientation Hoss- oe --Br Intermediate 
H H 
H 
| o 


a 
H 


Fig. 4.19 D 
iagram showing molecules having proper and improper orientation 


Thus. the collisione ; 
not aft oe in which the colliding molecules do 
sess the minimum energy for effective collisions 


(threshold e 
products. nergy) or proper orientation, do not 10 


ae 
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:n Bet 
ptionshiP 
a ency 
f elementary 
ror LB Products, 
e collision frequency and f is the fraction of molecules 
hos : -dx e7 af , 
Rate of reaction = Th. = Zin ™ J (1) 


erate of a chemical reaction depends upon the activation 


ween Rate of Reaction and Collision 


molecular reaction 


yow. 8 th 


MY ; ° molecul itl ' 
per g ET (fraction of molecules with energies equal to or 


= 
= 


greater than £) (called Boltzmann factor) 


| ms equation (1) becomes 
ip _EWRT 

Rate = Zap € - 

To account for effective collisions, another factor P, called the 


yobability Or steric factor is introduced. It take into account the fact 
iat in a collision, molecules must be properly oriented, 1.e., 
Rate = (PZ ype”! (or PZA = A) 

ie, Arrhenius factor A is equal to the collision frequency (Z,,) 
multiplied by probability or steric factor (P). Thus, in collision 
heory, E, and proper orientation of the molecules together 
demine the criteria for an effective collision and hence the rate 
ofa chemical reaction. 


The main points of collision theory are summed up below: 


a. For areaction to occur, there must be collisions between the 
reacting species. 


b. Only a certain fraction of the total number of collisions are 
effective in forming the products. 


c. For effective collisions, the molecules should possess 
sufficient energy as well as orientation. 


imitation of Collision Theory 


Collision theory has certain limitations as it considers 


aims’ molecules to be hard spheres and ignores their structural 
aspect. 


4.12.4 EFFECT OF CATALYST 
catalyst is a substance that can alter the rate of a reaction without 
iself undergoing any permanent chemical change. 

The action of a catalyst can be explained by intermediate 
“omplex theory. According to this theory, a catalyst participates 
™ a chemical reaction by forming temporary bonds with the 
a resulting in an intermediate complex. This has a transitory 
*Istence and decomposes to yield products and the catalyst. 

a It is believed that the catalyst provides an alternate pathway 
in: nee mechanism by reducing the activation energy between 
‘ants and products and hence lowering the potential energy 
‘Mer as shown in Fig. 4.20. . 
Itis clear from Arrhenius equation (k= Ae” a/RT) that lower 
“Value of activation energy faster will be the rate of a reaction. 
A small amount of the catalyst can catalyze a large amount 
actants. A catalyst does not alter Gibbs energy (AG) of a 
} tion. It catalyzes the spontaneous reactions but does nol 
cralyze non-spontaneous reactions. It is also found that a catalyst 
"8S not change the equilibrium constant of a reaction, rather 1t 
“Ps in attaining the equilibrium faster, that is, it catalyzes the 


Teac 


forward as well as backward reactions to the same extent so that 
the equilibrium state remains same but is reached earlier. 


Reaction 
path with 
catalyst 


~ Reaction path 


a without catalyst 
4 iN Energy of Energy of activation 
activation without catalyst 
with 
catalyst 


~ Products 
“ey 


—— 


Potential energy ——> 


Reaction coordinate ————> 


Fig. 4.20 Effect of catalyst on activation energy 


Classification of Catalysts 


Catalyst can be classified into two categories: (a) positive catalyst 
and (b) negative catalyst. 


a. Presence of positive catalyst 


The function of a positive catalyst is to lower down the 
activation energy. The greater the decrease in the activation 
energy caused by the catalyst, higher will be the reaction 
rate. In the presence of a catalyst, the reaction follows a 
path of lower activation energy. Under this condition, a 
large number of reacting molecules are able to cross over 
the energy barrier and thus the rate of reaction increases. 
Fig. 4.21 shows how the activation energy is lowered in the 
presence of a catalyst. 


r : N 

-Reaction 

path with \ $ 
catalyst \ 


~ Reactants Ao e È 
j= of 


The effect of a reaction 
catalyst is to 777 
lower the energy 

of activation 


Potential energy 


Collision number ———> 
Fig. 4.21 Lowering of activation energy by a positive catalyst 


. Presence of negative catalyst 


A negative catalyst increases the activation energy of 
reaction by forming a new intermediate of high energy, i.e., 
by changing the reaction mechanism. 

Increased 


activation f 
energy 


Potential energy ——> 


Products 


Collision number — 


ig. 4.2 i ivati 
Fig. 4.22 Increase in the activation energy by a negative catal t 
alys 
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Due to increased activation energy, some active molecules 
become inactive, therefore, the rate of reaction decreases. 


(Fig. 4.22) 
Activation Energy Diagram for a Two-Step Reaction 
Suppose a reaction A > C takes place in two steps: 


A Step (i) B Step (it) > C 


To know whether step (i) or step (ii) is the slow step (i.e., 
rate-determining step)., study of £, separately for each step 1s 
required. These two steps are written as: 


Step (i) A 1 A* —> B 
Step (ii) B 2 B* —*> C 


If A —> C is an exothermic reaction, the two possibilities are 
shown in Figs. 4.23(a) and 4.23(b). 


(a) 


(b) 
Fig 4.23 


In Fig. 4.23(a), E| > E, therefore, step (i) is slow and rate- 
determining step. 


In 4.23(b), E, < E, therefore, step (ii) is slow and rate- 
determining step. 


4.12.5 THERMODYNAMIC AND KINETIC STABILITY 


A reaction is feasible only if AG is negative. Such a reaction is 
called thermodynamically unstable. For example, the reaction 


paren hydrogen arid oxygen is thermodynamically unstable 
since change in free energy for the reaction is negative, 
H,(g) + 1/20,(g) — H,O(1) 

However, a mixture of hydrogen and oxygen do not combing 
spontancously to form water. The reason for this is that initially 
the molecules of reactant ( H, and O,) require the absorption aa 
definite amount of energy (£,) in or der to reach the activated state 
from which they give products and liberate the heat of reaction 
Thus, we say that a mixture of H, and O; is kinetically stable a 
room temperature. From the above discussion, it is clear that every 
reaction, feasible from the point of view of free energy change. 
need not necessarily take place; and many such reactions may be 
prevented from occurring by high activation energy barrier. Such 
reactions though thermodynamically unstable (or energetically 
feasible) are kinetically stable at ordinary temperature. 


4.12.6 ACTIVATED COMPLEX 


During a chemical reaction certain bonds are broken and certain 
new bonds are formed. The breaking of bonds requires energy, 
whereas the formation of bonds results in the release of energy, 
For example, in the reaction between H, and L to form HI, when 
H, molecule approaches I, molecules, H—H and I—I bonds start 
breaking and HI bonds start forming. In the beginning breaking of 
bonds predominates, so the energy of the system starts increasing 


= and reaches a maximum called threshold energy. Then the 


energy starts decreasing because after this, the bond formation 
predominates and finally leads to the product hydrogen iodide. The 
arrangement of atoms corresponding to energy maxima (threshold 
energy) is called activated complex. In this state, the system has 
partial reactant character and partial product character. 


Distinction Between Unstable Intermediate and Transition 
State or Activated Complex 


An unstable intermediate is an actual chemical species (which 
perhaps can be stabilized under different reaction conditions). It 
has normal bond orders for its atoms. It represents a minimum on 
the PE curve, albeit a small minimum (Fig. 4.24). 


The activated complex or transition state (TS) is the postulated 
species which has maximum energy during the conversion from 
reactants to products. No matter which way the bond lengths and 
strength vary, stabilization results. The bond order of the atoms 
of the activated complex are sometimes unusual. 


Activated complex 
4} or TS 


Unstable 
j a intermediates 


PE 


, Reaction coordinates 


Fig. 4.24 Representation of activated complex (TS) and unstable 
intermediate in a chemical reaction 


g OF RADIATIONS 


ý 7 pxpoSUR 
' are found to occur on exposure to visible 
re called photochemical reactions. 


fa photochemical reaction is affected by the 
ec ols ` ` 
as temperature has little effect. Free energy 
photochemical reaction may not be negative as 
absorbed by the reactants changes into 
ate ‘te For example, AG is positive for the 
pt vay bY the products. For examp G is positive for the 
eat che 5 7 


„a MC 


2 pHOTOSENSITIZER 


ypstanee which when added to a reaction mixture helps 
Leen photochemical reaction without undergoing 
“al change itself. This phenomenon is known as 


chlorophyll acts as photosensitizer in the 


_sitization. e.s 


eee 
AN 


axosnthesIs. 


142.9 VISION 


gon involves geometrical isomerization of a compound retinal 
_ yasaturated aldehyde) present in the eye by absorbing the light 


-iac op it. 2 photochemical reaction. 


112.10 QUANTUM YIELD OR QUANTUM EFFICIENCY 
OF A PHOTOCHEMICAL REACTION 


Number of reactant molecules reacting in " 
7 given time 
= — Number of photon (quanta) of Hen) 


absorbed in the same time 


‘Sent photochemical reactions have different values of quantum 
Siciency depending upon their mechanisms. For example 
“tosynthesis of HBr has low value of ọ while photosynthesis 
“HC! has very high value of 9. 
2. Autocatalysis is a phenomenon in which the product formed 
is itself a catalyst and thereof enhances the rate. 
2Mn0,£ + 6H” + (COOH), —* 2Mn? + 10CO, + 8H,0 
Mn" ions formed catalyze the reaction. 
b. Promoters are substances which do not act as catalyst but 
enhance the efficiency of a catalyst. 
t Negative catalyst or inhibitors are those substance which 
decrease the rate of a reaction. 
d. Catalyst can be poisoned by many substances. 


and 700 K are 0.02 


The rate constants of a reaction at 500 K 
and A 


~] g 
` and 0.07 Say respectively. Calculate the values of E, 


ED io, e -E Ea 


k  2.303R| Tr 
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i 0.07 E, 700 — a | 
or = = | el aA ————_ 
B02 2303x8314 IK | mol | J| 700x500 


(0.544 = E, * 5.714 x10 4/19.15 


544x19. 
pe 19-15 _ 1230.8 J 
5.714 «10 


Since k = Ae EYRI 


| :k= log A opnun 
og k= 108“ 2 303RT 


log A = lo ben i 
B Bn +T 303RT 


18230.83 J mol | 
log A = log (0.02 Fe oe 
: 5 ) 5 303% 8.3145 K | mol! x 500 K 


= 1.699 + 1.90 = 0.201 ~ 0.2 
A = Antilog(0.2) ~ 1.585 = 1.6 


The first order rate constant for the decomposition of CHI by 
the reaction. 

C,H (g) —> C,H) + HI(g) 
at 600 K is 1.60 x 10° sl. Its energy of activation is 
209 kJ mol. Calculate the rate constant at 700 K. 
We know that 


= 


E (D-1 ]| 
log k, — log k) = 5 303R TT, | 


E [L-T | 
ioe kk, = lht — 
eh Se Bal TT, | 


- 5090 x 10° 
eT 
> 303x8.314J mol `K 


S TO.. K 
| 600 x 700 | 
log k, = 4.796 + 2.599 = -2.197 
k, = Antilog(—2.197) 
= Antilog(—2.197 + 1 — 1) 
= Antilog (3.803) = 6.36 > 10° s 


Phe number of flashes of a firely change with temperature is 
as follows: 


T (C) 


Number of re) | umt 
| flashes/min | ” nda 
25 7 43g ae 
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Sol, kK, =7 min, when T, =298 K 
k, = 10 min™!, when T,=301 K 


ky E, Ea 
log —2 = —^a |22 ^ 


R 2.303R| 77, 
10 E, [301 - 298 
~ 7 2.303x8.314 | 301x298 


“E = 88.678 kJ mol"! 


If a catalyst drops the activation energy of a reaction at 25°C 
from 80 kJ to 40 kJ, what is the magnitude of the affect on the 
forward reaction rate and reverse rate? 


BAD E =30-40=40k 
a. ky =AeEaRT 
k, = Ae Eale)/RT 
o ky E, - E, (c) 


log — = 
~ ky 2.3x8.314x298K 
40x10°J 
= > = 7() 
2.3 x 8.314 x 298 K 
. Be 
k 


l 
The reaction rate increases by 10’ times. 


b. Since catalyst increases the rate of reaction but does 
not affect the equilibrium of the reaction. Therefore, 


=r, 


b 


What is the value of the rate constant, predicated by the 
Arrhenius’s equation if T > œ? Is this value physically 
reasonable? 


Woe fT, k=4eEPT=48=4 
i.e., rate constant = collision frequency which is not feasible. 
Alternatively 
Ifk=A eFa/RT =] 
A 2 =0, E =0 
RT 
Since the activation energy cannot be zero, the result is not 
physically reasonable. 


The pre-exponential factor for the free radical addition of 


chlorine is 2 x 10!3 s-!, Find the rate constant of this reaction 
at STP. 


“Sol. For free radical addition reaction 
E,=0. 
= Ae ERT (itp 
k= Ae, (if E, = 0) 
K=A=2 10835, 


The rate constant of a certain reaction is given by: 
log k= 5.4- Han log T 
Calculate £, at 127°C. | 
SOI) log k= 5.4- AP 42.17 log T 


Multiply Eq. (i) by 2.3, 


212x2.3 
2.3 log k= 94X23} ——— 4 21T 2 Blog T 
ik S4e9 a." aT 
212x2.3 2.17 487.642. 
£ (inty= 04 2712%23 |, 217 _ 164 2177 ii 
dt T 72 


= (Ink) = E, / RT? ...(iii) 
dt 
Compare Eqs. (ii) and (iii). 
E, _ 487.6+2.17T 
RT? T“ 
E 
— =487.6 + 2.17T (R = 1.98 = 2 cal) 


<. E = 2 cal[487.6 + 2.17 x 400 ] =2711.2 cal 
=2.7112 kcal 


Two first order reactions proceed at 25°C at the same rate. The 
temperature coefficient of the rate of the first reaction is 2 and 
that of second reaction is 3. Find the ratio of the rates of these 
reactions at 75°C. 


ol. For first order, r,=k [A] 
n ki 


1k, 


= temperature coefficient 


Let the rate of the reaction for first reaction at 25°C be 7, 
and rate of reaction for second reaction at 25°C ber > 


lpm ty 
Rates of reaction 
At 25°C "i ry 
35°C 2n 3r, 
45°C (2)2r, (3)r; 
ol & Urr (3)°r, 
65°C (2)4r, Br 
eae (2)5r, Br, 
; : ks = B5 =2 
Temperature coefficient for first reaction = ts 5 hs 


, van times: 
1.€., for each 10°C rise in temperature, rate becomes 2 


Similarly, for second reaction, it becomes 3 times. 


Chemical Kinetics 4.69 


c. Catalyst does not change the extent of the reaction it 
only increases the rate of reaction. 


_ OR 7,5937 ALLUBTRATION 4.134 | 


g (D i At 407 K, the rate constant of a chemical reaction is g5 x 10° 
s-! and at 420 K. the rate constant is 1.9 x 104 s~. Calculate 
vn the Arrhenius parameter of the reaction. 


Sol. The Arrhenius equation is, 


Rate of reaction for second reaction 


at 71°C = © Rate of reaction for first reaction 


action A > B, Æ, for the Age reaction Æp and k, E, <7 
por 4 ca reactions Ey) is 19 kJ mol! and 9 kJ mol, logs = 303K R TT 
pack ay potential energy ofA is 12 kJ mol. Calculate ! l E 
spectively: Given : k, =9.5 x 105 s7'; k, = 1.9% 10487; 


hold energy of reaction (THE) 


res A 
a, The thres 
eat of the reaction 


ntial energy of products (PE) 


R=8.314J mol! K"; 
T, = 407 K and T, = 420K 
Substituting the values in Arrhenius equation 


1.9x107 E Eza 


p. The h 
e. The pote 


a 


og ——————— = | ——_7 
= j 95x10  2.303x8.314| 420 x 407 
THE E = 75782.3J mol! 
E 
Applying now log k, = log A- === 
2.303RT7, 
75782.3 
log 9.5 x 10° = log A —- ——————_— 
PE oe 084- 4303x8314 x 407 
at A 75782.3 
o or log —~—- = ————__= = 9.7246 
| THE=19+ 12 =31 kJ mor! 95x10> 2.303 x 8.314 x 407 
b. AH=19-9 = 10 kJ mol! A=5.04 x 105 s7! 
e PE oi progici= ~£, ©) Note: k and A are expressed in the same units. 


=31-9=22kJ mor! 


Given the follow; The rate of a reaction triples when temperature changes from 
ae i el ea al est 20°C to 50°C. Calculate the energy of activation for the reaction 
a. Calculate AH for the reaction and energy of activation (R=8.314J K-! mol). 

for the forward and backward reaction. ns 


D The Arrhenius equation is 


log— = a T, -T, 
k Rx2.303| TT, 


ko 
Given: a =3:; R = 8.314 J K`! mot); 
l 
T, =20 + 273 = 293 K; T, = 50 + 273 = 323 K 


Substituting the given values in the Arrhenius equation, 


Progress of reaction —> 


E, [323-293 
b. Curve (2 ) is the energy profile in the presence of a log 3 =—_—___1_ a 
ati 8.314 x 2.303 | 323 x 293 
catalyst. What is the energy of activation for the two 
reactions in the presence of a catalyst? p = 2:303%8.314%323 x 293x 0.477 
i a ; 
c. Wi nt of the reaction? 30 
Will the catalyst change the exte SOLAT 


= 28.8118 kJ mol! 


k A- o=o ILLUSTRATION 4.136 
E yp = 150 — 110 = 40 kJ mol! 
T 
Ew) = 150 — 100 = 50 kJ mol a The energy of activation of a first order reaction is 187.06 
b. E (y With catalyst = 130 — 110 = 20 kJ mol at 750 K and the value of pre-exponential fees A 
r 


] , 
_ 100 = 30 kJ is 1.97 x 10! s!. Calculate the rate constant and half life 


EW) with catalyst = 130 
P e0 = 9.35 x 10-14 
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ISUD Given £, = 187.06 kJ mol! 
T=750K 
R =8.314 J K! mot! 
We know k = Ae EĘxRT 


3 
E, _187.06x10 ~ 30 
RT 8314x750 


k= Ae 3 = 1.97 x 10!2 x 9.35 x 10714 


k=0.184 s7! 


0.693 _ 0.693 
ife (tn) = ——=—— =3.76s 
Half life (¢,/5) z 0184 


A reaction takes place in three steps: the rate constant are k,, 
k,, and k,. The overall rate constant k = k,k,/k,. If the energies 
of activation are 40, 30, and 20 kJ mol', the overall energy of 
activation is (assuming A to be constant for all) 
a. 10 b. 15 c. 30 d. 60 
kik, 
ISo c. The overall rate constant k = rs 
2 
We know; k = Ae Falk? 
kik, 


k, 


_ Je Ent EnEn XRT 


z k= 
= 4g 40 -30 + 20)/RT 
= ge 30RT 


z. E= 30 kJ mol! 


Can a reaction have negative activation energy? 


“So If E, were negative, the exponential factor can be written 
as e* where x = E /RT. Ifx << 1, we have 


2 3 
C= i e e 
/ 3! 


=] +x (neglecting higher power of x) 

=L FERT 
~. k=A(1 + E JRT), i.e. k>> A which is impossible. Hence, 
E, cannot be negative. 


In some cases, it is found that a large number of colliding 
molecules have energy more than threshold value, yet the 
reaction is slow. Why? 


Sol. This is because of improper orientation of the colliding 
molecules at the time of collision. 


Why are reactions of higher order less in number? 


Sol. A reaction takes place because molecules colli 
chances for a large number of molecules or iong t 
simultaneously are less. Hence, the reactions 
order are less. 


de. The 
© Collide 
of higher 


In chemical kinetics, only a small fraction of collisions lead to 
reactions. This is because 
a. The colliding molecules may not be appropriat 
oriented to one another and the collisions are 
energetic. 
b. The colliding molecules are properly oriented to one 
another and the collisions are highly energetic, 
c. The colliding molecules are properly oriented to One 
another and the collisions are not highly energetic. 
d. The colliding molecules may not be appropriately 
oriented to one another and the collisions are very 
energetic. 


ely 
not 


a. For effective collision molecules must have sufficient 
energy and proper orientation. 


Can activation energy for reactions be zero? 


Seton Oey 


Ss In the Arrhenius equation, 
k = Ae -ERT . 
if E, is zero, then k = A. 
That is, every collision between molecules leads to the 
chemical reaction. This is not true. Thus, E, cannot be zero. 


The reaction 


2NO, > 2NO + 0, 


has an activation energy of 110 kJ mol!. At 400°C, the rate 
constant is 7.8 mol! L s~!. What is the value of rate constant 
at 430°C? 


| We know that 


ofi 
ETA a 
k 2303R| T_T, 

E = 110 kJ mol! 

= 110 x 103 J mol!, R = 8.314 J mol! K" 
k =7.8 mol! L s- T, =400 + 273= 623K 
k, =? T, = 430 + 273 = 7038 
Substituting the values, 


ky 110x10 È L 


— 
— — 


log —— = ——_—_____ 
8 673 703 


7.8 2.303 x 8.314 


— 110x10° x (703 - 673) 
2.304 x 8.314 x 673 x 703 


T : 
= 0.3643 tae 231 
a 31 x 7.8 = 18.0 mol! Ls"! 


of ky 


, energy of a first order reaction at 300 K is 

‘i the presence of a catalyst, the activation energy 

wk 0 J to 50 K] mol! at 300 K. How many times the 
re i : 

xt! ca changes in the presence of a catalyst at the same 


yotivati 


h B-20 
gy” 2.303 RT 
6000 — 5000 


2 -_—— = 1.741 
ogy 7.303 x 8.314 x 300 


ky 55.08 
l 


>r 


. The reaction rate increases by 55.08 times. 


Given that the temperature coefficient for the saponification of 
äylacetate by NaOH is 1.75. Calculate the activation energy. 
h 


BD =175, T,=298K_T,=308K 
> 


(Since temperature coefficient is the ratio of rate constants 


at 35°C and 25°C) 
2303 pee ~/,|h-T 
k nh 


2.303 log 1.75 = E, x eee 
1.987 308x298 

E = 2.303 x 308 x 298 x 1.987 log 1.75 cal mor. 
10 


= 10.207 kcal mol"! 


UBN 4.146 


k ergy of activation for a reaction is 100 kJ moll, Wg 

Pesence of g catalyst lowers the energy of activation by 75%. 

“will be the effect on the rate of reaction at 20°C, other 
being equal? 


w k= 4o-E,/RT 


Case Į; k, = Ae 100/RT k, = Ae 25kT 


k e-loo/rr oa 

Laer =e 

og aspra 1510 _ 39,788 
ki ~ 8.314x 293 
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Fo 2.35 x 10°" 
k 


Case II: r= k [A]" 


n and [A] are same for cases I and II. 


2 = -2 = 23510979 


In the Arrhenius equation for a certain reaction, the values of A 
and E (energy of activation) are 4 x 1013 s~! and 98.6 kJ mol!, 


respectively. If the reaction is of first order, at what temperature 
will its life period be 10 min. 
BUD k= tetver 
B =4 x 1013 (98.6 x 103)/8.344 x T 
600 


For first order, k = 


0. ante 
0.693 _ 4 yi026 (98.6 x 107 )/8.314«T 


600 


98.6x10° 


.693 4 13 
= (oO? MM 
a Ea 8.314x2.303xT 


T= 311,35 K 


How can the activation energy for a reaction be determined 
graphically? 


a. Plot k versus T, the slope of the line will be equal to E “4 


b. Plot 1/[A], versus ż, the slope of the line will be equal to 
Be 
c. Plot In [A], versus z, the slope of the line be equal to 
-E 
d. Plot In k versus 1/7, the slope of the line will be equal 
to -E/R. 


d. k= de Fuk 


or Ink=In 4 — E, | 
RT Ink 


Plot of In k vs ea 
T 


/T—> 


The rate constant, activation ener 


gy, and Arrhenius parameter 
of a chemical reaction are 3,0 x 10-4 s', 104.4 kJ mol, and 


6.0 x 104 gt respectively, The value of rate constant as T —> 00 is 
a. 2.0 x 10!8 51 b. 6.0 x 10/4 51 
c. 3.6 x 1030 g~! d. None of these 


a 7 ° ‘ae 
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b. Given k= 3.0 x 104s! ; A=6.0 x 10!4 s~! 
E = 104.4 kJ mol! 
Arrhenius equation is 


k= Ae ERT 

as T= œ p , 
o -Da 0 

k= Ae EwR < © or 4e? l R x0 | 


ork=<A 
+ k=6.0 10!4 s7! as T ©. 


The rate constants k, and k, of two reaction 
> - 1. The corresponding energies of activation of the two 


reactions will be related by 
a. E > £, b. E <E, 


s are in the ratio 


d. E, = 2E, 


b. £/k,=2: 1 or k, = 2k), 1.€., k > ky. Using Arrhenius. 


equation, 
k= Ae =a/RT 
Therefore, if k is high E, is low. Hence, E,> Ep 


On introducing a catalyst at 500 K, the rate of a first order 
reaction increases by 1.718 times. The activation energy in the 
presence of a catalyst is 4.15 kJ mol. The slope of the plot of 
in k (s) against 1/T in the absence of catalyst is 


a. +l b. —! c. +1000 d. —1000 
Soa. d. 
i + 

Rate in the presence of catalyst _ Antilog| AE l 
Rate in the absence of catalyst 2.303RT 
1.718 = Antil oS 

718 = Antilog = ——— 

M08 2303 x 8.314 x 500 


Where E, and E, are energy of activation in absence and 

presence of catalyst. 

E, =B =8,3 x 500 x 10° 

E, =E, + (8.3 z 500 x 10°) = 4.15 + (8.3 x 500 x 10°) 
= 8.3 kJ mol! 

] 


In k= ln A = £4 
R T 


-E, —68.3x1000 
Slope =—— = ————— = -1000 
: R 8.3 


For which of the following reactions k,,,/k,), would be 
maximum? 


a. A+B >C; £,=S50kJ b.X+Y—>Z; E =40kJ 
e P+Q>R; £,=60kJ d.E+F-—>G; E, =100 kJ 


imaa —— laU 
—_ 


d. Increase in the rate constant is maximum for the reaction 
having maximum activation energy. 


For a reaction, £, = 0 and k = 3.2 x 10* s~! at 300 K. The value 
of kat 310 K would be 
a. 6.4 x 104s! 
c. 3.2 x 104 5"! 
—_ k= Ae bd RT 
When E, = 9, k = A (constant) 
32% 10's" 


b. 3.2 x 108s! 
d. 3.2 x 10s! 


kz 10 = K300 = 


ec pas eee T 
TODD, ope A SR 


For a gaseous reaction, following data is given: 


AB, k= 10!5¢-2000/T 
ED k, = 10 14¢-1000/7 
The temperature at which k, = k, is 
a.1000K b.2000K  c.868.82K d.4342K 


d. When k, = k, 
10!5e-2000T = 10!4e-1000/T 


102" =n 10= = 


=> 2.303 log 10 = — 


eee ENOTES E E E 
ILLL ION Li D 
eens 5 iada A 


A ertian, tai wd ys ONN 


+ 3H, (g) is : 
a. 92 kcal 


d. 22 kcal 


b. 70 kcal c. 48 kcal 


a. AH=E,- E, 
-22=70 =E, 
E, = 92 kcal 


rgy is 100 


In an exothermic reaction X — Y, the activation ene A 
kJ mo! - 


kJ mol ! of X. The enthalpy of the reaction is —140 
The activation energy of the reverse reaction Y > X Is 


a. 40 kJ mol! b. 340 kJ mol! 
c. 240 kJ mol! d. 100 kJ mol 


-_—- 


-2° 
- 


rorX y : (E,)p= 100 kJ mol! 
aH =-140 kJ mol! = | 140 kJ mol | 
rom the figure above (E) = (E)r + AH 
= 100 + 140 = 240 kJ mot"! 


mre 


ste constant of a reaction will be equal to the pre- 
he fe 
j „ponential factor when 


a. Temperature in centigrade is zero. 


F 


b. The absolute temperature is Zero. 
c. The absolute temperature is infinity. 
d. No suitable answer. 

a e k=Ae EPT 
(A is called pre-exponential factor) 
When T —> œ 


p= Ae EPa 


-E 
k= | a -0| 
Rxo 


. K=A 


The activation energy for the reaction: 
2AB > A,(g) + B(g) 


is 159.7 kJ mol! at 500 K. Calculate the fraction of molecules 


of reactants having energy equal to or greater than activation 
energy. 


(Given: 2.3 x 8.314 J K-! mol”! x 500 K = 9561.1 J mol’) 


‘Sol Fraction of molecules having energy equal to or greater 
than activation energy is: 


a e 
x = e ERT 
Inx= —4 +23 bea 
RT 
159.7x10° J mol! 


ee iS re 
> 3x8314J K`’ mol! x 500 K 


 159.7x10° Jmol _ 


-16.7 
9561.1 J mol” 
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<. x = Antilog(—16.7) 


= Antilog(—-16 — 0.7 + 1 — 1) 
= Antilog (17.3) 
=2x 10" 


A reaction occurs in ‘n’ parallel path having energy of activation 
ASE, LESBE, tivi nE and rate constants as K, 2K, 3K.......- nK 
respectively. If Ep = 3E, then the value of n is: 


si _ ExK+2Ex2K +3Ex3K +.....nE xnk 
a cco ar ae 


n=] i 
_ [1+ (2)? +)? +.....(n)? JKE 
(1+2+3+....... n) K 
(Given E,, = 3E), Forn =4, 
[++ +(4) JE _ 30E 
i (1+2+3+4) 10 


Note: IfE,, = 3.66, then n = 5, if E,, = 3E, then 7 = 4, 
IfE,, = 2.33 E, then n = 3, if Ep, = 1.66 E, then n =2 


=3E 


If the rate of a reaction is 3.2 x 107 2 mol L! s~! at 80°C and 
2.0 x 10-3 mol L~! s7! at 40°C, then what will be the temperature 
coefficient of the reaction? 


“Sol. | Since temperature coefficient is the ratio of rate constants 
or rate of reaction at 35°C and 25°C. i.e., for 10°C or 10 K rise 
of temperature. 


Let temperature coefficient is represented as y 
3 = (paT 
3.2107 


n 

(=) 
== © 
2.0x10 


(is) 
16= (WY sayt=qyt ss p= 2 


CONCEPT APPLICATION EXERGISE 4.4 


1. The rate constant for the decomposition of nitrogen 
pentoxide: N,O; —> N,O, + “0, is 3.46 x 10° at 25°C | 


and 4.87 x 10° at 65°C. Calculate the energy of activation | 
for the reaction. 


- For the decomposition of ethyl iodide: 
C,H. —> C,H, + HI 


the rate constants are 1.60 x 10-5 s"! and 6.36 x 10-3 at 600 K 


and 700 K, respectively. Calculate the activation energy 
for the reaction. 


a” + ae 
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3. The rate constant for the decomposition of N,O, at various 
temperatures is given below: 
TCO) 0 | 20 
(105xk(s™) | 0.0787 | 1.70 
Draw a graph between In + and 1/7 and calculate the values 
of 4 and È. 

4. The rate constant ofa reaction is 1.2 x 10° s! at 30°C and 
2.1 x 10° s~! at 40°C. Calculate the energy of activation 
of the reaction. 

< A substance decomposes by first order reaction. At 300 K, 


80 
2140 


60 
178 


40 
25.7 


ti 


the decomposition is 50% complete in 20 min. At 350 K, 
the decomposition of the same substance is 50% complete 
in 5 min. Calculate the activation energy for the reaction. 
. The rate of a particular reaction quadruples when the 
temperature changes from 293 K to 313 K. Calculate the 
energy of activation for the reaction. 
. For a reaction, the energy of activation is zero. What is 


ar a 


-1 


the value of rate constant at 300 K, if k= 1.60 x 10° s~! at 
298 K? 

8. Two reactions of the same order have equal exponential 
factors but their activation energies differ by 24.9 kJ mol!. 
Calculate the ratio between the rate constants of these 
reactions at 27°C. (R = 8.31 JK"! mol’). 

. A reaction proceeds five times more at 60°C as it does at 
30°C. Estimate the energy of activation. 

10. Calculate the rate constant and half life period for a first 
order reaction having the activation energy 39.3 kcal mol"! 
at 300°C and the frequency constant 1.1] x 10!! s71. 

11. The specific rate constant for the decomposition of formic 
acid is 5.5 x 10% s~! at 413 K. Calculate the specific rate 
constant at 458 K, if the nergy of activation is 2.37 x 104 
cal mol”. 


=) 


ANSWERS 
1. 103.56 kJ mol! 2. 209.1 kJ mol! 
3. E= 100.67 kJ mol!; A = 1.54 x 10-3 min 
4. 44.1 kJ mol”! 5.24.2 kJ mol! 6.52.80kJmol! 
7. k = k, = 1.6 x 10°s! 8.2.199x 10°  9,40.02kJmol"! 
10. k= 14710454, 1,,=60785 11.9.38 x 10357 


i e Solved Examples | 


Rate, Order of Reaction, and Half Life 
ie , ge FAAR f 


Which of the following will react fastest ( LE; produce most of 
the product in a given time) and which will react at the highest 
rate? 
a. 1 mol of A and 1 mol of B ina 1-L vessel. 
b. 2 mol of A and 2 mol of B in a 2-L vessel, 
c. 0.2 mol of A and 0.2 mol of B in a 0.1-L vessel, 
Fastest (b): Since there are more reactants present, there 
will be more products produced per unit time. 
Highest rate (c): The vessel with greatest concentration 
will experience the greatest change in concentration per unit 


diene The greatest change in concentration per unit time 
in (c). | 
| mol 
= [B] = ——=IM 
In (a), [A] = [B] = = 
2 mol 
In (b), [A] = [B] = =! M 
2L 
, 0.2 mol 
In (c), [A] = [B]= ~~ = 2M 


For the reaction, 


2N,0,(g) —> 4NO,(g) + 0,(g), the rate of formation of 
O, is 0.032 g i, 

a. Calculate the rate of conversion of N,0, in gh! 

b. Calculate the rate of formation of NO, in g h”. 


‘Sol. ) Refer Section “Relation Between Rate of Formation 
Decomposition”. 


1 -d[N,0;s] _ 1 d[NO,] _ 4[0,] 
2 dt 4 dt dt 
n -d[N,0;] _ Jx d[O,] 2 Mw of N-O; ing 


= 2x0.032x 20 =0.196 g h`! 
32 


l d[NO,] _ Ax d{O,] z Mw of NO, in g 


dt dt Mw of O, mg 
= 4x 0.032x E = 0.184 gh! 
32 


fi i 
The rate of formation of a dimer in a second order dimerization 
reaction is 9.5 x 105 mol L~! s~! at 0.01 mol L-! monomer 
concentration. Calculate the rate constant. 


=2x 9.5 x 10% mol L`! g~! 
= 1.90 x 104 mol L's"! 
Rate = A[AP? 
1.9 x 104 = 0.017 
k= 1.9 L mol! g! 
EXAM TE j 4. 


For the decomposition of phosphorus pentachloride at 200°C, 
it is observed that its pressure falls from 0.15 to 0.10 atm 1 
25 min. Calculate the average rate of reaction in 


a. atm min”! b. mol L-! s~! 


A 


; pressure change 
f pate 7 Time 
0.15atm — 0.10 atm 


= 25min 


p 0.05am = 0.002 atm min! 

~ 95min 

3 + 200°C = 473 K 
AP 1 


IV) -l sal = u Ë ——— 
oo min ar RE 


b. py = nRT. =N 


0.002 atm min” 
ey ia ey 
= gogz L—atm K mol”) (473K) 


l 


< 15 x 10> mol L-! min` 


=— 
= 


-8.58 x 107 mol be 


raising the concentration of a particular reactant by a factor of 
z increases she reaction rate 25 times. What is the kinetic order 
vfthis reactant? 
wa ro [A]? a) 
25r œ [5A]? (ii) 
Dividing equation (ii) by (i), 
25r [54]" 
cos, Oe “= aie 
r H 


a=2, second order reaction 


The rate of reaction: 
H0 + 2S,0,2-(ag) —> 2HSO,°(aq) + S,0;° (29) 

ws studied as follows. In an experiment, the concentration 

of $,0,7 (0.4 M) half changed in 3.73 x 10° s. In another 

“periment, 0.25 M $,0,2- half changed in 6.0 x 10° s. Find 

the order of the reaction. 


Ep + (2) 


t la 
log 2 ay 
og-= = (n- 1) log| — 
6 0.4M 
log £.0%10" s = (a-1) log ~-z 
3.73x10° s 0.25 M 


0.2065 = (n — 1)(0.2041) 


(n—1) = 02041 _ 
0.2065 


Iti . 
t IS a second order reaction. 


is n=1+1=2 
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eS ES. 
lie aT oe 
fF 


The experimental data for the decomposition of nitrogen 
pentoxide in the gaseous phase at 218 K are as follows: 
2N,0,.(g) —> 4NO,(g) + O,(8) 


NO (nolL 


Time (8) 

0) "763x102 
400 136x107 
800 ~ p410 

41200 095x107 

~o T 09> 0? 


Calculate the rates of reaction at the time given above ( assuming 
that the rate remains constant during the intervals given). Also 
find out the following: ~ 

a. Rate law expression 


b. Rate constant 


c. Order of reaction 


_ M0; k= 
Rate = p 2 | „O 


(mol L! s~’) 


(1.63 — 1.36) x10~ 
400-0 
=6.75 x 10° 


4.96 x 107 


(1.36 — 1.14) x10~ 
800 — 400 

=5.5x 10° 

(1.14 — 0.95) x 107 
1200 — 800 

k =4.75 x 10% 


800 1.14 x 10° 


1200 | 0.95 x 10° 5.00 x 107 


(0.95 — 0.79) x 10> 
1600 — 1200 


= 4.00 x 10% 


1600 | 0.79 x 10° 5.06 x 107+ 


| 


Since the value of k comes out to be nearly constant for the 


expression rate/N,O,, this shows that the rate law expression 
is 


Rate = k [N,O.] 
Mean value of k = 4,96 x 104s"! 


4.76 Physical Chemistry x 3 _ aidai mouii iaca 
EXAM = EONA i r: awi (a — x) = Amount left 
UTA : or the followin 
The following rate data were obtained at 303 K for the fo £ T g 23 ozi 
reaction: a EP 1/2) k (i) 
2A+B—>C+D “— 
— CC Initial rate of — 2.3 a 
| Exp | [Al [B] dint fp fin k og a- x 
| “(mol L~’) | (mol LI formation 0 
| 1 | Ol EE. 6.0 x 103 mol L min! _ 23 log | 
ee es ee a aA ee Oe k 1/3 
t | 03 | 02 7.2 x 107 mol L™ mine A 
m | 03 | 04 2.88 x 107" mol L- min = log 3 i 
w T | am | aa Erem. 
IV 0.4 | 0.1 2.4 x 10% mol L~ min ty (2.3/k) log 2 _ 0.3 i 
ae. oe i _ - — . Mi = malice Cle 48 0.625 
What is the rate law? What is the order with respect to each hy (2.3/k) log . 
reactant and the overall order? Also calculate the rate constant Alternatively 
and write its units. fi, g 03 i 03 g 0.3 oes 
From experiment I and IV, it may be noted that [B] is same t; (left) = 1 log3 048 ` 
but [A] has been four times. The rate of reaction also has log 13 


become four times. This means that order w.r.t. A, 

Rate x [A] w(i) 
From experiment II and III, it may be noted that [A] is kept. 
same and [B] has been doubled, the rate of reaction has 
become four times. This means that order w.r.t. B, 


The half life for given reaction was doubled as the initial 
concentration of a reactant was doubled. What is the order of 


reaction. 


Rate æ [B]? (tl) |. | For nth order: 
Combining (i) and (ii), we get the rate law for the given (tn), œ (a,)!™ 
reaction as: a i A l 

EPEN 7 1/22 1/271 
Rate = k [A] [B] A 


Thus, order w.r.t. A= 1, order w.r.t. B = 2, and overall order 
of the reaction = 1 +2 =3. 
The rate constant and its units can be calculated from the 


: (ty2)2 _ (a3) ” 
~ (tr); (a,)'~" 


data of each experiment using the expression B 
date Toe 2a _ Bar” 
k= T ee = mol? L? min! (ty), (ay 
[A][B] (mol L~) (mol L) 
E (2)! = (2)! 
Experiment k (mol L? min“) + Jejaġ 
6.3x10° _ ASY 
I 01x0.) Alternatively E 
| ss i ~i] Since ¢ 13 becomes doubled when the concentration ot 4 
iI 72x10” _ reactant is doubled. 
0.3 x (0.2)° “typ œ (a)! 
k | 2.88x10! which is the equation for zero order. 
| | 03x(042 ` Hence, OR = 0 
IV 24x10 _ " 
oe 0.4 x (0. 1) a Why the term half life is not used for second order reactlo i i 
e nich be 
ene eT eee ee Sol. Kor a second order reaction, the time 10 which is 
nc eens = o the reactant will be used up is dependent oP the ie 


concentration, in contrast to the situation for 4 ch 1 
reaction. Therefore, the concept of half life is 2” 
useful for second order reaction. 


What is the ratio of ¢,,. to t, (for the amount of substance left) 
for first order reaction? 


ar ahs ANCES ee Se : PACEM eee ht CORN VEO N ` È: 
Cl, —* > SO, + Cl, is a first order reaction 
vi 10-8 s! at 575 K. What percentage of SO,CI, 
«itt sip osed in 90 min when the reaction is carried out 


since the reaction is of the first order (given) 
1 


2303 og — and k = 2.2 x 105s"! 
hey a-Xx 
1-90 min = 90 x 60 = 5400 s (given) 


2.303 a 
log ——— 


a —— =antilog(0.0516) = 1.127 
a-y 


ora=(a =)1.127 ora =a. 127)}— X41127) 
or 0.127a =1.127x 


a 0.127 
“a 1127 


=0.113 = 11.3% 


os Past 


4 first order reaction has a specific reaction rate of 103 si, 
How much time will it take for 10 g of the reactant to reduce to 
25 g. (Given log 4 = 0.6021). 

GP We know that for a first order reaction 


2.303 a 
log 


t= 


a-x 

Here, initial concentration a = 10 g and concentration left 
after time ts = 2.5 g 

l.e., (a — x) = 2.5 g; 

Specific reaction constant k = 10° s“ 

-. Time required for the reactant to reduce to 2.5 g 


_ 2303, 10 
0? 2.5 
- 2303 og 4 = 23 «0.6021 
| 10° 10 (Given log 4 = 0.6021) 
= 1386.6 s 


The esterification of acetic anhydride by ethyl alcohol can be 

'epresented by the following balanced equation: 

(CH,CO),0 + C,H,OH —> CH,COOC,H; * CHCOOH 

A B 

When t ion i ied out i 
` Tate TA ane, kía][b]. When ethyl alcohol (B) is 

the solvent. the rate may be represented by MAI (the values of 
Kare not the same in the two cases). Explain the difference in 


the apparent order of the reaction. 


n dilute hexane solution, the 


y AEN 
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ED When a solvent is also a reactant, its concentration is so 

ge compared with the extent of reaction that it does not 
change. (Compare the convention we used, in studying the 
thermodynamics of aqueous solutions, of viewing water as 
always being in its standard state in all dilute solutions.) 
Thus, the dependence of the rate on the concentration 
of ethyl alcohol cannot be determined unless ethyl 


alcohol becomes a solute in some other solvent so that its 
concentration can be varied. 


SXAMPLE 4:15 A i 

An optically active drug has one chiral centre and only dextro 
rotatory isomer is effective. Moreover, it becomes ineffective 
when its optical activity is reduced to 35% of original. It was 
found that mutarotation of this drug was first order reaction 


with a rate constant of 1 x 10% s!. Find the expiration time 
of the drug in years. 


è The optical activity remained = 35% 
So 65% optical activity has been lost 


It means 35% of dextro rotatory isomer has been converted 
to laevo rotatory isomer. 


Applying integrated rate law for first order reaction 


2.303 log =1x 1018 xt 


t=4.31 x 10s 
=1.37 y 


A EO ENE E RN 
Sy 5, 


radioactive element (t,,, = 50 days) is spread over a room. 
Its activity is 30 times the permissible value for safe working. 


Calculate the number of days after which the room will be 
available for safe working. 


where r is the activity for safe working 


- p 
2303x50, 30r [- = 03 | 
t= = log — t 
0.693 r v2 


= 245.44 days 


gqPo7!8 (t = 3.05 min) decays to y Pb??? (tia = 2-68 min) by 
a emission while Pb?!4 is a B-emitter. In an experiment starting 
with 1 g atom of pure Po*!S, how much time would be required 
for the concentration of Pb*"* to reach maximum? 


218 a 214 — P -214 
m, = 1| gatom= | mol 


Time at which eee is maximum 


1 k ç 23083, k 
r — _ —— log — 
max kı = k, k, k, a k, k, 
k= 0.695 = 9.2287 

3.05 


ae 
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2.68 
2.303 fee 0.2287 
t= 0.2287 -0.258 0.258 


= 4.1 min 


The complex [CoNH aF] reacts with water according to 
the equation 

[Co(NH par *+H,O-— 
Rate =Å [Complex]"(H°)° 
tion is acid catalyzed. i.e.. [ 


fCo(NH,)s(H,0" + F and 


The reac He] does not change during 
the reaction. 

Thus, rate = į” fComplex}* 
and & from the foll 


_where K =k He 
owing data (/ = 25°C) 


Calculate a 
(Complex) [R°] se [tt 
m |a erae ee 


GD Rate -* [Complex]? ; K = k{H®]’ 


Since 1,4 = 2h 
Hence. order w.r.t. complex, a = l. 


Now, k, =k (H*),°: k,=k m 


Hence, order w.r.t. [H] = 1 


For the reaction 
: k 2 
(CHO), CLJ® (aq) —+> [Cr(H,0),Cl]’*(aq) 1 
[Cr(H,0),]°* (aq) 


k= 1.78 x 10° s and k= 5.8 10° s" for 
th mitic > . ati d x 
eeg concentration of [Cr(H4,0),CL,}® is 0.0174 mol L~! 
c Calculate the value of time at which the concentrati 
of [(Cr(H,0),.Cl}** is maximum. i 
ED e ies required for two consecutive reactions to react 
imum activity or concentration is given by 
= 2303 (logh - logk, ) 
k-ko 


Í 


= 2303 (log 1.78x10° — log 5.8 x10 $) 


178x10 -5 -$ 
= 1990 s. ne 


A certain reaction A+ B— 


t order rate law with 


rizes according to 4 firs 


Substance A oii 
5 
p=5.0x10°S - | | 
a. Ifthe initial concentration of Als 1.00 
rate? 


M, what is the initial 


b. What is the rate after 1.00 hr? 
a. Rate =k[A]~ (5.0 x 10° s!) (1.00 M) 
-50x 10fÍMsS' 
_ 2.303 ie 
b k- a 
2.303 fae a 


5 l = L 
5x 10°S = 3600s ~4-* 


I 
5 x 105 x 3600 = 2.303 log 


t 


O45 _ toe 
2.303 Cr 


log c= 0.0783 
(ax) = [el= 0.835 M 


Rate = k [a — x] 
= 5.0 x 10> x 0.835 =42 x 10M9” 


Products is first order w-r-t. each 
reactant with k= 5.0 x 10° M-! s-!. Calculate the concentration 
of A remaining after 100 s if the initial concentration of A was 
0.1 M and that of B was 6.0 M. State any approximation made 


in obtaining your result. 


Spi Since [B] = 6.0 M, we can consider that its concentration 


remains constant throughout. Thus, 
Rate = k [A] [B] 
= k [A] x 6 M = 6k [A] 
=k’ [A] 
where k’ (= 6k) is new constant and reaction under this 
condition is supposed to follow first order kinetics. 


2.303 a 
log 


K = 


k't okt 
a- x 2.303 2303 


a 6x5.0x10 * x 100 
on 2.303 


= 1.3026 


concentration of reactant A after 100 s is 


ess of the reaction A ===> nB, with times is presented 
hep ie below. 


5 
——> Time (hr) 


petermine: 
a. The value of n b. K - 
c. Initial rate of conversion of A 


‘Gol. In the given time of 4 hr (1 to 5), concentration of A falls 
from 0.5 to 0.3 M, while in the same time concentration 
of B increases from 0.2 to 0.6 M. The increase in the 
concentration of B in a given time is twice the decrease in 
the concentration of A. 


a. Thus,n=2 
[Bel (0.6) m 
[Ala 03 


c. Initial rate of conversion of A= 


Ra ANNE 
rN a 


Atconstant temperature and constant pH of 4, the inversion of 
sucrose proceeds with a constant half life of 300 min. At the 
same temperature but at pH of 3 the half life is constant at 30 
nin Calculate the order of reaction w.r.t. sucrose and w.r.t. [H®]. 


Sol, Sucrose [A] + H,O mean Glucose + Fructose 


Al = Rate = k[A]" [HÊ]? 


(Does not depend on H,O, since it is in large excess) 

During any experiment, pH is constant, hence 

~a[A] 
dt 

Since half life is independent of the initial concentration of 

a, hence a = 1, consequently k’, is a first order rate constant 


and is given by 


= KA], where K = k (H®]’ 


p _ 0.0693 
hi 
(9), ky  kIBeR _ (Heb 
C—O b 
Coh ki kH CH 


E nore 
30) = Gos or 


Chemical Kinetics 4.79 


Therefore, the rate of hydrolysis of sucrose has a first order 
dependence on [H®], so that 


-d [A] 
dt 


<. Order w.r.t sucrose = 1; order w.r.t [H®] = 1 


= k [A] [B] 


Mechanism of Reaction 


In a certain polluted atmosphere containing O, ata steady-state 

concentration of 2.0 x 108 mol L~!, the hourly production of O, 

by all sources was estimated as 7.2 x 10715 mol L“!. If the only 

mechanism for the destruction of O, is the second order reaction, 
20, —> 30, 

Calculate the rate constant for the destruction reaction defined 

by the rate law for — A[O,]/At. 


Sol.) At the steady state, the rate of destruction of O, must 
be equal to the rate of its generation, 7.2 x 10°'° mol L~! 


br, 
For the second order rate law: 
S 1  A[O;}] 
[0,} At 
l 7.2x107M hr” 


= —— X 
(2.0x 108M)? 3600s hr” 


= 5x 10% L mol! s7! 


Write a rate expression for each species. Assuming [B] is 
constant, write a rate expression for [A] and [C] so that they do 
not contain [B] term. Under what conditions will the reaction 
be pseudo first order to second order? 


Mechanism of reaction is 
k 
ky 
BAG eC 
2A—> C 
“Sol. The rate expression are: 
— dA] 


q TAIA] -k [B] + k [BIA] 
d 
“ = k [A] - k [B] - [ANB] 
ACI a 

q T SIAB] 


Using the steady state approximation for [B], i.e., 


“al = 0 and solving for [B], gives 
d[B 
=k [A] - k,[B] - k[A][B] = 0 
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A[A] 
k, +k; [A] 
Substituting this expression for [B] into the expression for 


[B] = 


z4 [A] and d [C] gives 

dt dt 
-d [A] _ 4 o ___AIAT jA 

dt WA] ~ hay TAS? ee l 

_ 2kikal A] 
k, + k,[A ] r 

a[C] _ Si Al- KIA] _ ks [A] 

dt 3M k +k [A] + IA] 
Note that sake |A do If k, [A] >> k, then condition 


for pseudo first order 


dic]  &A[AP 
[C] _ isl ] =k [A] 
dt k3[A] 
and if k,[A] << k, then condition for pseudo second order 
d[C] _ * kik [AŤ 
dt kz 


Consider the olei EEETTIIP mechanism 


ki k3 
A ra B, B+C —D 
For the overall reaction A + C —> D, assuming B to be an 
intermediate described by the steady state approximation, write 
the rate expression for [A]. 


Applying steady state approximately for [B], gives 


dB] — k [A] - k[B] -4 [BIC] = 


k [A] 
k, + k[C] 
Writing the rate expression for [A] and substituting the 
expression for [B] gives 


[B] = 


-d [A] _ 7 B ALA] 
Ai = k [A] - 4[B] = SIA] -k i + IC] 
_ k SIAICI 


ky +k [C] 


Consider the following proposed mechanism: 
A = 2A (k) 
A+B ==> C (k) 
A,+C—>D+A(k) 
For the overall chemical equation A,+B —> D, assuming that 


the equilibria are ra 
pidly established in the first tw 
the rate expression for [D]. sep 


“Sol. From the equilibria steps, 
[A] = [k [AJ]? 
[C] = k [A][B] = 4k, [A7]"? [B] = k 2k [A,]"?2[B] 
Substituting these expressions for [A] and [C] into the , 
expression for [D] gives ate 
d im = k[A, ] [C] = k[A,] k, 1/2 k[A, ]"2[B] 
= kk, 1/2% lA, Pe] 


‘Consider the following fnechanisnas: 
A, = 2A (k) 


A+B, > C+B B+A, —23 C+4A 


For the overall chemical equation A, + B,—> IE 
Assuming that the equilibrium is rapidly established and the 
steady state approximation is valid for [B], write the rate 
expression for [C]. 


From the equilibrium step: 
[A] = k2 [A,]"?, applying steady state approximation for 


[B] gives 
LBI - k [AJB] - {BIA = 9 


k [A][B2] _ kk"? [A2] [B] 


E k [A2] k [A32] 


The rate expression for [C] is 
d[C 
ACI = k [AJB] + K [BILA 


kikk"? [A; PIB 


1/2 
2] [B2] + BiAzT 


Z Kk” [A 


=2k kbA TBs ] 


la 

i A EN 
ATARE AAE S 

RASENS EER N 


The r A for the overall equation is: 


H,AsO,(aq) + 2H®(aq) + 31°(aq) == H,AsO,(24) 


+ 1,°(eq) + H,00) 


d[1;°] Santee. [H,AsO3] [I] 
B = (H,As0,) (HP eS Hey 


where k, = 4.7 x 10-4 L? mol? min”! and 
k,=3 x 103 mol? L min"! e 
the 1a 
Determine the equilibrium constant for this reaction from 


constants. 
[H; As03)I0 3) 20 
(ey [H | 


_ 


at = k [H,As0,] [1°] [H®} & 
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2 _ 


m AsO;] [L~ =| Overall ETA constant is given by: 
aT 
[H Aso] T [H] [B] _ (k, \( ky 
[A] k4 )\ k 
ke 41x10 =0.156 
Ie 27 3x10 


Bicyclohexane was found to undergo two parallel first order 
rearrangements. At 730 K, the first order rate constant for the 
formation of cyclohexene was measured as 1.26 x 104 s~! and 
+ Arte) == t= 2H(g) + Ar(g) for the formation of methyl cyclopentene the rate constant 
tL mol ! sland k, = 1.02 x 10 at 3000 K. What was 3.8 x 105 s-!, What is the percentage distribution of the 
rearrangement products? 


i = 


32x1] 


ky 
22% 10° L mol! sg" 7) Cyclohexene 
d. = 2.15 x 108 L? mol sl 


Bicyclohexane e 


2 E 
Ky 092x107 mol L! 


aa parallel reactions: 


Percentage of cyclohexene = Sige 100 
1 +h, 
Ky 
nar OEE ee E 1.26104 eine 
what would be the rate expression for [A]? 126x104 +3.8«10~ 


=77% 
~. Percentage of methylcyclopentene = 23% 


‘Sol. The rate expression for [A] is: 


an = k [A] + 2k, [AP 
t 


Trans-1,2-dideuterocyclopropane (A) undergoes a first 
order decomposition. The observed rate constant at a certain 


Consider a Scanian in Boe a ar reactant Prodis temperature, measured in terms of disappearance of A was 1.52 
several pane by the following parallel first order reactions: x 10% s-!. The analysis of products showed that the reaction 
followed two parallel paths, one leading to dideuteropropane 

Isp a” AD (B) and the other to cis-1, 2-dideuterocyclopropane (C). (B) was 


found to constitute 11.2% of the reaction product, independently 
of the extent of reaction. What is the order of reaction for each 

-d [A] _ path and what is the value of the rate constant for the formation 
So. ee oe of each of the products? 


Write the rate expression for [A]. 


=k +k, +k) [A] 


Sol. | In case of parallel path reaction. B 11.2% 
HN Se a Sete : kg i ka x Fractional yield of B ad C 88.8? 
MPLE 4.33 2 o : = 1.52 x 10% x 0.112 = 1.7 x 105 s1 n 
A proposed mechanism for reaction A——> B is A =f AX Fractional yield of C 
Iei c Z `B = 1,52 x 104 x 0.888 = 1.35 x 10% s~! 
ky 4 The reaction will be first order for each individual path. 
Determine the expression for the equilibrium constant for the Typical First Order Gas Phase Reactions 


overall reaction in terms of the rate constants. 


Sol. At equilibrium, for each step: 


The decom of Cl,O, at 400 Kin in gas een Cl, en 


| Be [C] oh m [B] _ ky O, is a first order reaction. 
| [A] k, [C] g7 E a. After 55 s at 400 K, the pressure of Cl,O, falls from 0.062 
| Solving first equation and substituting into the second to 0.044 atm. Calculate k. 
equation gives: b. Calculate the pressure of CLO, after 100 s of decomposition. 
[B] k, 


k\ ky 
me) 


N | a ae 
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‘Sol. Co, =s ¢, 4 Lo, 
Initial a 0 0 
5 
At eq a-y X —Xx 
2 
a. aœ 0.062 (a—x) < 0.044 
2.303, 0.062 
k= —— log —— 
55 0.044 
2.303 


= x 0.1489 = 6.23 x 10% s7! 
S5 
b. t=100s, (a-x) xP 
2.303, 0.062 


* 6.23 103= = Jo 
100 P 


c. P = 0.033 atm 


Ethylene is produced by 


C,H,(cyclobutane) +» 2C,H, 


The rate constant is 2.48 x 104 s~!. In what time will the molar 
ratio of the ethylene to cyclobutane in reaction mixture attain 
the value (a) 1 and (b) 100? 


C,H, ——> 2C,H, 


t=0 a 0 
t=t a-x 2x 
2x a 
a. = a 
a-Xx 3 
2.303 a 
t= — log ————_ 
k a—(a/3) 
2.303 3 
= ———— log = = 1635.2 s = 27.25 min 
248x104 "2 
2 
b. x = 100, x= 100a 
a-x 
-2303 i a 
248x10% “| „_ 100a 
102 


= 15856.9 s = 264.2 min 


Analysis of Some Important First Order Reactions 


From the folowing data for the aromas of N 0. ree neti, 

tertrachloride solution at 321 K, show that the unis is of the 

first order and calculate the rate constant. 
Time (in min) ar 


evolved 
Volume of O, (mL) 


6.30 | 8.95 |11.40| 13.50 | 34.75. 


Sol. If the reaction is of the first order, it must obey the equation. 


— log 


2.303 
pa ama ii a _ 2.303 V 


a-x t 


— 


Note: It is a case of direct estimation of one of the product, 


In the present case, we are given that V =34.75 om}. 


value of k at cach instant can be calculated as follows. The 
2.303 P 
Time _ 2. 
V V, -V k= lo w 
Ce is 2 
S t 
i 2303. wae 
10 | 6.30 | 34.75-6.30 | k= 73 og 34.75 
10 28.45 
= 28.45 = 0.01997 
ee ee - oOo 
15 | 8.95 | 34.75-8.95 | k= 2303 | AT 
15 25.80 
= 25.80 = 0.01985 
t E ree a 
2.303, 34.75 
20 | 11.40 | 34.75 -11.40| k= <2 fog 34-75 
20 EET 
= 23.35 = 0.01987 
wee eee | E oe 
2.303, 34.75 
5 | 13.50 | 34.75 -13.50| k= £7 lop 29 
i | 25 2135 
= 21.25 = 0.01967 


Thus, the value of k comes out to be nearly constant, hence 
it is a reaction of the first order. 


1. 0 ‘ar, ye: f ethyl acetate was added to 25 mL of N/2 HCI 2 
mL of the mixture were withdrawn from time to time during 
the progress of the hydrolysis of the ester and titrated against 
standard NaOH solution. The amount of NaOH required for 
titration at various intervals is given below: 


Time (min) | 0 


Py =] 20.24 | 21.73 | 25.20 | 27.60 30.22 43.95 


The value at œ time was obtained by completing the hydrolysis 
on boiling. Show that it is a reaction of the first order and find 
the average value of the velocity constant. 


(Vo) œ HCI present 

Amount of NaOH used at any time t= f, 

(V,) œ HCI present + CH,COOH formed. 
CH,COOH formed at any time, ¢ = œ 

Ethyl acetate reacted = (V, — V) œ x. 

Amount of NaOH used at time t = 

(Vo) « HCI present + Maximum CH, ao formed 


of 
Maximum CH,COOH formed œ Initial concentration 
ethyl acetate (V -— Va) xa 


p ’ . . i 0 
Hence, if the given reaction is of the first order, it must 
the equation 


2, 
ha L log 4 -2303 


bey 


l a. 
a-x t Va V, 


In the present case, V, = 20.24 mL, V,, = 43.9 mL 
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Oe 20.24 = 23.71 mL —_— . 
P“ a ae emperature Dependence of a Reaction, Energy of Activation, 
~ value ot A at different instants can be calculated as and Arrhenius Equation 
we ** 
allows 
| 7 V-V, n= = lo Vo -ro 
ta | Fi a f Ey i An exothermic reaction X » Y has an activation energy of 
oe | 90 kJ mol! of X and the heat of reaction is 250 kJ. Find the 
i (21.73 43,95 ~21.15 be n log ate activation energy of the reaction Y —> X 
= & i 22.22 ' r ' ‘ ' ’ 
l= 22.22 = 0.00324 BON Since the reaction 153 exothermic, Fap ~ Ery so the 
activation energy diagram will be as shown in Figure helow. 
re 70 43 0s — 25.20 Ik = 2.303 lon 23.71 Energy of activation for the reaction: Y X 
a aa 2” 22.22 E =E, + AN = 90 + 250 = 340 kd 
= 18.75 -0.00313 ae as 
A 0031. Remember that for reaction with 
i 23 52499 n_ =n. (AH = AU) 
ag 27.60 43.95 ~ 27.60 k= = CE po 
75 18.75 
= 16.35 = 0.003 
e 
n 
330.22 €43.95 -30.22 |k= 2.303 pee 
| 119 16.35 
| = 13.73 = 0.00299 
a ~ - ———— —— 
Since the value of k comes out to be nearly constant, it is a 
reaction of fk = 0.00312 min". 


frst order. The value o 


Paw 


1 
R 

a ERS AAV CARN EAL SL aS 
sugar was studied in HCI! at 298 K. The 
c readings were obtained at different 


M 


Progress of reaction 


The inversion of cane 
blem 


following polarimetri 
my) 0 | 748 | 1800 | 2705 | ~ _ | 
+24.09 (421.41 417.74 +15.00 -10.74 

| 


Activation energy diagram for the given pro 


Refer picture given below. 


Reading 
(degree) —— mennee UENF: a. Calculate AH for the reaction and the energy of activation 
Show that the inversion of cane sugar is a unimolecular reaction. for the forward reaction as well as backward reaction. 

ce of a catalyst. What is the 


GD i the present case, ro = +24.09, r„ = -10.74 b. The dotted curve is in the presen 
o Fg tg Te (-10.74) = 34.83 energy of activation for the two reactions in the presence 


J 
The value of k at different instants may be calculated as of catalyst? 


under: : 
- z F e. Will the catalyst change the extent of reaction? 
í r — k = Zi log 0 x 
(min) ‘ o | í ke Mpe x 
ee Ge ae 2.303 T 34.83 \ 
748 |421.41|21.41-4-10-74) |= yg P3115 N | 
| = 32.15 = 0.0116 f aa ee” a il j 
| 2.303 , . 34.83 oi | 
18,00 +17.74 17.74- (10.74) k= Tg o0 ” 28.48 — E 
| | 28.48 | ios id as Products 
pen ———— 
g 2.303 iot 34.83 à ; 
15.00 — (10.74) k= 97.05 OB 55.74 Course of reaction 
= 25.74 = 0.0109 “Sol. 
m ; = a ASE, «Ey, =100-10=— 
Th j Jue of k proves that the reaction 1s se e , ae 
e constancy in the va From the given picture, in the absence of catalyst, Energy 
of the first order. of activation for the forward reaction 
= 140-110 =30kJ 


An O O 
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Energy of activation for the backward reaction 
= 140-100=40kJ 

b. In the presence of catalyst, 
Energy of activation for the forward reaction 


= 120-110=10kJ . 
Energy of activation for the backward reaction 


= 120 — 100 = 20 kJ 
c. No 


bt. ae eae 


Calculate the activation energy ofa reaction whose reaction rate 
at 300 K double for 10 K rise in temperature. 


‘Sol. Given, when 7) = 300 K, k, = k (say) 
When T, = 300 + 10=310k, k, = 2k 
Substituting these values in the equation 

ky E, D-1 
kı 2.303R\ ID 


e daw E, 310—300 
e get, log — = ————— 4al a can 
get, 108 = 3 303x8.314x 10 | 300x310 


TEN E, x10 (10 
or 108 4 = 5303x8314 | 300x310 


E, = 53.6 kJ mol”! 


The activation energy of a reaction is 94.14 kJ mol! and the 
value of rate constant at 313 K is 18 x 1075 s™!. Calculate the 
frequency factor or pre-exponential factor, A. 
Bole Given, E, = 94.14 kJ mol! = 94140 J mol"; 
T=313K;k= 1.8 x 10% s” 


——— +log A 
2.303RT 


or log k= 


log A = lop(1.8 x 10-5) + zeny 
= x 107 a 
og A = log(l. )* 5 303x8.314x 313 


= 25.33 — 5 + 15.7082 = 10.9635 
A = antilog(10.9635) = 9.194 x 10!° collision s~’ 


P = OT RNS cg ire ena ee 2 a 


—_! 


x 107s at 100°C. Evaluate the Arrhenius parameters A and E.. 


ol. © The Arrhenius equation is k = A exp(—E,/RT) 
For the two temperatures, we get 


TE ee aes E 
k 2.303R(T, T 


Substituting the given data, we get 


oo 45x10" _ E, 
1.5x10’ (2.303) (8.314 JK! mol) 


I 1 
E 323 z) 


The rate constant of a reaction is 1.5 x 107 s~! at 50°C and 4.5 


or E, = (2.303) = (373) B23) 196 (3.0) 


= 22012.7 J mol! = 22.013 kJ mot! 
The value of A would be 
A = k exp(E,/RT) 


220127 J mol! | 
(8.314 J K | mol`") (323 K) 


= (1.5107 sex 


=(1.5 x 107 s~!) (3630.44) = 5.45 x 10!0 s~! 


For two reactions (1) P—> Product and (ii) Q—— Product, the 
order of reaction (i) is 1 while that of reaction (ii) is 2. At347 x 
the energy of activation of reaction (i) is 55 kJ mol! but whenever 
this reaction is carried out in the presence of catalyst at the same 
temperature, the energy of activation is 53 kJ mol'. Moreover, 
for reaction (ii), when the temperature is increased from 
298 K to 308 K, the rate of reaction increases as many times as for 
reaction (i) in the presence of catalyst. Calculate the rate constant 
of reaction (ii) at 318 K, if the pre-exponential factor for reaction 
(ii) is 3.56 x 10° mol L gl. 

Note: Arrhenius equation does not depend on the order of 


reaction. 
a. For reaction (i) P——> Product, 
k =Ae*vRT [In absence of catalyst] 
k, = Ae FART [In presence of catalyst] 
ky _ hh) 
ki RT 
7 (55 — 53) kJ mol 
8.314 x 107° kJ mol”! K`! x347 K 


= 0.694 
“. 2.303 log ky = 0.694 
k 
log kz -069% 03 
k, 2.303 
k, . 
Ce will 
k, 2 (i) 
b. For reaction (ii) Q —> Product 
ibe Ge oE [h-h i) 
kag) 2303R| TT, 
k k ete 
. o = —+=2 (Also temperature coefficient 15 2) 
28 ě k 
Substitute the value of k, g/kg in Eq. (ii), 
ae: ee 
2.303 x 8.314x10° kJ mol” K 
10 
a 
” 798 x 308 
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157700 - 152300 _ > 493 


7 —~ oot E : 
solve Hr 27k] mol! ji 8.3147 
ae eC ee T= 
ia Thus, T= 282 K 
j 
© , EEEN 


~ 108 k=log4- 2.303RT AR E f ARNEE gen 
68.127 kJ mol”! The activation energy of the reaction: A + B —> Products 1s 


x= log(3.56 * le arr E PET 105.73 kJ mol!. At 40°C, the products are formed at the rate 
on i 2205x8218 of 0.133 mol L min. What will be the rate of formation of 
golve for k: products at 80°C? 


) Let the rate law be defined as 
Ath ir, = k [AP[BP 
AUT i= k [AF[BP 


42733 mol! Ls! 


rder reactions having same concentration of A 


a first 0 

uel p. use the given data to calculate the temperature k, 

patti” : r= h| 
jch both occur with same rate. 2 ki 
i" ec | , 
west p Ao Z; k= 10e T Using Arrhenius equation, find k at 40°C. 

age 
= S og = Pa _| 2 a 
Seal, Be. * k= 10% e 7 k  2303R\ TT, 
e 73x10 ( 40 
gN sbe = 105.73 x 
-= kB] k, 2.303 8.31 313x353 
7M 
since [A] = [B], r; = r, When k, = k, => log = 2.0 
l 
3000 _ 2000 
Thus, wd . } = 10d i 5 = = 100 
l 
2000 i 
or -s = OF 0403 = r, = 0.133 x 100 = 13.3 mol L min” 
1000 1000 O T OOO 
3 aoa D For a reversible reaction A ===> B, if pre-exponential factor 


is same for both forward and backward reactions, show that 


157x2303 «1x 2.30 
ey i e-AHIRT where AH is the heat of reaction. 


The Arrhenius equation for the rate constant of decomposition 
of methyl nitrite and ethyl nitrite are 


7 -1 — 4,-EdRT 
bie!) = 10 os 152300 : mol k,= Ae 
R k, = Ae EwRT 


adk, (s) = 104 ap[ RT ko = ke = e(Ey— Ep/RT 


Keg h 
respectively. Find the temperature at which the rate constants : — p-AHIRT 
are equal. wy 


Sol At temperature T K, rate constants are equal, hence ee iene Neue . : 
f f Two reactions : X —> Products and Y—— Products have rate 
10° exp e 52300 J mol |. jo | —157700 J mol ) constants k, and k, at temperature Tand activation energies E, 
— pr T RT and Ey, respectively. Ifk, > k, and E, < E, (assuming that the 
Arrhenius factor is same for both the products), then 


a 257700 -152300) _ 19 L Oni 
— . On ingteasing the temperature, increase in k, will be greater 
than increase in k. 
— 152300 i i 
or log, exp (1570-15202) = log,10 II. On increasing the temperature, increase in k, will be greater 
= 2.303 log, !0 than increase in k,. 


AN 
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MI. At higher temperature, k, will be bloset toh. 


IV. At lower temperature, k, < k, 
a. I b. Il e. 1, W 


b. Refer Illustration 4.150. 
Since ky < k, and £, > E} 
From Arrhenius equation (k = 4e*a'®7), if k, is high 
then £ is low. Therefore, with increase in temperature 
increase in k, will be greater than increase in k}. 


d. 1, I, IV 


The decomposition of compound A in solution is a first order 
process with an activation energy of 52.3 kJ mol™!. A 10% 
solution ofA is 10% decomposed in 10 min at 10°C. How much 
decomposition would be observed with a 20% solution after 
20 min at 20°C. 


2.303, 100 
°C, kio = —— lo = 0.0105 min“! 
BGM At 10°C, kio 19 ET min 
re) kyo =. E, qT, -T T 
ko 2.303R| TT 
52.3 kJ 10 
log ka = ——— m log Fee 
0.015  2.303x8.3«10 283 x 293 


ky = 0.0224 min! 


2.303 a 


At 20 min, ky) = —~— log 7—— 


0.022420 _ ö 100 
2.303 100- x 


x = 36.10% 


PE pe Exercises 


| iai 
f- iil 4. For the reaction X + 3Y — Z, which form of differential 
rate law is incorrect? 
d Rate of Reaction (1) dX/dt = dY/3dt (2) 3dZ/dt = -dY ldt 
pperssio" an (3) dZ/dt = -dX/dt (4) dX/dt = dZ/dt 
a 1N,0s5 + ANO, + Oh 5. Which of the following will react at the highest rate? 
' . “d{N20s] = K [N30;] (1) 1 mol of A and 1 mol of B in a 1-L vessel 
nw dt (2) 2 mol of A and 2 mol of B in a 2-L vessel 
d{NOu] =k,[N20s] (3) 3 mol of A and 3 mol of B in a 3-L vessel 
dt (4) All would react at the same rate 
d0] = k;[N20s] 6. What is AH for the reaction A + B — C where the mechanism 


dt 
What is the relation between k,, k,, and k,? 


ohhh (2) 2k, =k = 4k, 
(3) 2k, = 4h; =k, (4) None 
For gaseous reaction, the rate is often expressed in terms of 


dPidt instead of dc/dt or dn/dt (where c is the concentration 
and n the number of mol). What is the relation among these 


involves several kinetic steps. 


~ 


PE 


three expressions? 
(1) de _ a) = HE) — Reaction coordinates —> 
dt V\dt) RT\ dt 

d (1) 11 kcal mol! (2) 4 kcal mol! 
opan (2) 7 (2) (3) 5 kcal mol! (4) 22 kcal mol"! 

dt \dt 7. What can you say about the existence of A if the potential 

„de (dn V (dP energy diagram for the reaction 

- dt j (2) ~ (2) A —> B looks like 
(4) None of these 


3. The graph between concentration (X) of the product and 
time of the reaction A — B is of the type I. Hence, graph 


between „MAJ and time will be of the type: Bs 
dt z 
m 
X © 
Time — Reaction coordinates —> 
(1) A will exist (2) A will not exist 
(1) a (2) i we (3) B will not exist (4) A and B are in equilibrium 
l Sa dA] 8. For a chemical reaction 2X +Y —> Z, the rate of appearance 
AA a of Z is 0.05 mol L min“. The rate of disappearance of X 
T will be 
(1) 0.05 mol L! hr! (2) 0.05 mol L~! min“! 
Time > Time —> (3) 0.1 mol L~! min"! (4) 0.25 mol L~! min“! 
6) a 9, i ale reaction: 2HI > H, + L, the expression —d(HI)/2dt 
l presents 
gale dA] (1) The rate of formation of HI 
a a (2) The rate of disappearance of HI 
(3) The instantaneous rate of the reaction 
ES Time —> (4) The average rate of reaction 


D mu 


4.88 


10. The term —dx/dt in the r 


11. 


=á 


N 


12. 


— 
(oo 


14. 


15. 


16. 


17. 


. For a reaction p 


At 27°C it was observed in the hydrogenation ofa reaction 


Physical Chemistry 
ate expression refers to 


ants 


(1) The concentration of the react 
f the reactants 


(2) Increase in the concentration O 
(3) The instantaneous rate of the reaction 


(4) The average rate of the reaction 


aseous reactants and products, the 


If a reaction involves g 
units of its rate are 

(1) atm (2) atm-s 
Which of the following express! 


(3) atm-s' (4) atm? s? 


ons can be used to describe 


the instantaneous rate of the reaction? 
2A +B > A,B 
dA 
ye D- 
2dt t 
d(A,B) ) 4 dA dB 
eT oat 2 dt dt 


A+ qB — Products, the rate law expression 
is r = k[A][B]”. Then 

(1)@+q)=(1+m) 

(2) (p+q)> (1 +m) 

(3) (p + q) may or may not be equal to (1 + m) 


(4) (p +q)=(1 +m) 
In the formation of sulphur trioxide by the contact process, 


2S0,(g) + O,(g) ==> 2S0,(8) 
The rate of reaction is expressed as 


_4202) Z3 5 x 104 mol Ls 
dt 

The rate of disappearance of (SO,) will be 

(1) 5.0 x 104 mol L! s” 

(2) -2.25 x 104 mol L7! s”! 

(3) 3.75%10* mall's” 

(4) 50.0 x 104 mol L~! s~! 

In a catalytic reaction involving the formation of ammonia 

by Haber’s process N, + 3H, —> 2NH,, the rate of appearance 

of NH, was measured as 2.5 x 10~ mol L~! s!. The rate of 

disappearance or H, will be 

(1) 2.50 x 104 mol L~! s7! 

(2) 1.25 x 104 mol L~! s"! 

(3) 3.75 x 104 mol L~! s7! 

(4) 5.00 x 104 mol L~! s7! 

The rate constant of forward and backward reactions for 

certain hypothetical reaction are 1.1 x 1072 and 1.5 x 10-3 

respectively. The equilibrium constant of the reaction is 

(1) 7.33 (2) 0.733 (3) 73.3 (4) 733 

The rate of chemical reaction 

(1) Increases as the reaction proceeds 

(2) Decreases as the reaction proceeds 

(3) May increase or decrease during the reaction 

(4) Remains constant as the reaction proceeds 


18. 


19. 


20. 


21. 


(g) decreases from 10 atm to 2 atm i 


the pressure of H, : m ] 
in! (C; 
he rate of reaction in M min (Given 


10 min. Calculate t 
R=0.08 L atm K”! mol!) 


(1) 0.02 (2) 0.03 
(3) 0.04 (4) 0.05 | 
A reaction follows the given concentration (C) vs time 
graph. The rate for this reaction at 20 seconds will be: 
0.5 
0.4 
0.3 
0.2 
0.1 
0 20 5060 80 100 
Time/second 


(2) 2 x 10-2 Ms"! 


(1) 8 x 102 Ms”! 
(4) 7 x 10° Ms” 


(3)4 x 103 Ms”! 
A graph of volume of hydrogen released vs time for the 
reaction between zinc and dil. HCl is given in figue. On 
the basis of this mark the correct option. 


Vs 
V, 
V3 
Volume 
of H, y. 
2 
vi 
O 2030 40 50 
t —_ 
(1) Average rate up to 40 s is V3" 
40-20 
(2) Average rate up to 40 s is 
40-30 
(3) Average rate up to 40 s is £i 
40 
V3—Vo 


(4) Average rate up to 40 s is 


The rate of a reaction is expressed in different ways 
follows: 


„1d[C]__1d[D]_ 1 d[A] _ _ 4) 
2 dt 3 dt 4 dt dt 


The reaction is: 


~~ 


AH = —2x kJ/mole of A 


20+R AH = +x kJ/mole of M 


i" 
ctions 


„rature 1S 10 


l then rate of formation (in M sec!) of 
BSS M sec then r ' pA 
A 


are carried simultaneously in a reactor such 


soc ca bd p hd 
these! t changing. If rate of disappearance 


shat ten 


Is: 
wx 
2 (2) =Y 
UER 2 


3 
4 4) — 
a)? (4) red 
z. The forward rate constant for the elementary reversible 
gaseous reaction 
CH, —— 2CH is 1.57 x 107s! 100K 
What is the rate constant for the backward reaction at this 
temperature of 10“ moles of CH, and 10 moles of C,H, 
are present in a 10 litre vessel at equilibrium. 
(1) 1.57 x 10? L mol! s7 
2) 1.57 x 10° L mol! s7! 
6) 1.57 x 10"! L mol s* 
(4) 1.57 x 107 L mol! s7! 
Order and Molecularity of Reaction 
34. For which of the following reactions, the units of rate 
constant and rate of reaction are same? 
(1) First order reaction 
(2) Second order reaction 
(3) Third order reaction 
(4) Zero order reaction 
25, For a single step reaction X + 2Y > Products, the 
molecularity is 
(1) Zero (2) 2 (3) 3 (4) | 
46. For a hypothetical reaction A — B, the rate constant is 
0.25 s! If the concentration of A is reduced to half, then 
the value of rate constant is 
1)0.25s-) (2)0.30s! (3)0.075s! (4)2.258 
27. In an acidic medium, the rate of reaction between (BrO,°) 
and Br? ions is given by the expression 
-d| BrO O - Ay 4 
i k (B10: J [Br] [HPY 
(1) The rate constant of overall reaction is 4 $ E 


(2) The rate of reaction is independent of the concentration 
of acid. 


28. 


29. 


30. 


31. 


32. 


33. 


34. 


36. 


S a 
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(3) The change in pH of the solution will not affect the rate. 
(4) Doubling the concentration of H® ions will increase the 

reaction rate by 4 times. 
For the chemical reaction 
§Br® +BrO,° + 6H® — 3Br,+3H,O 
Rate = MBrO|[BrO CHP? 
The molecularity and order of reaction with respect to [BrP] is 


(1) 5,1 (2) 1,5 (3) 1,1] (4) 6, 2 
For the chemical reaction 1° + OCI® — Cl? + OIP 
KOC! IT g 
ero 
[OH] 
The order and molecularity of the reaction Is 
(1) 1,2 (2) 2, 1 (3) 2,2 (4) 3,2 
In Q. 29, the molecularity and order with respect to [OH] 
is 
(1)0, 1 (2) 0, -1 (3) 1,0 (4)-1,9 
The rate of certain hypothetical reaction 
A + B +C > Products, is given by 
dA 

r= P = KA}7(By ICT 
The order of a reaction is given by 
(1) 1 (2) 1/2 (3)2 (4) 13/12 
When ethyl acetate was hydrolyzed im the presence of 


0.1 M HCI, the constant was found to be 5.40 x 107 s}. But 

when 0.1 M H,SO, was used for hydrolysis, the rate constant 

was found to be 6.20 x 1075 s~}. From these we can say that 

(1) H,SO, is stronger than HCl. 

(2) H,SO, and HCI are both of the same strength. 

(3) H,SO, is weaker than HCl. 

(4) The data is insufficient to compare the strength of HCl 
and H,SO,. 


The specific rate constant of a first order reaction depends 
on the 


(1) Concentration of the reactant 
(2) Concentration of the product 
(3) Time 

(4) Temperature 


The rate constant of a reaction depends on 
(1) Temperature (2) Mass 
(3) Weight (4) Time 


- The second order rate constant is usually expressed as 


(1)MolLs ! 
(3)MolL bs"! 


(2) Mot! L's"! 
€ (4) Mol! Ls"! 
lhe rate of reaction A + B —> Products is given by the 


equation r= k[A][B]. IfB is taken i 
| | ; s taken in large excess, th 
of the reaction would be ii 


(1)2 
(3) 0 


(2) 1 
(4) Unpredictable 
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37. The units of rate constant and rate ofa reaction are identical 


for: 
(1) zero-order reaction 
(3) second-order reaction 
38. The rate law for a reaction between A and B is given by 
rate =k [A]” [B]”. On doubling the concentration of A and 
halving the concentration of B, the ratio of the new rate to 
the earlier rate of the reaction becomes 
(1) am +n) (2) m+n (3) m-n (4) 2n-m 
39. For the chemical reaction X —> Y, it is found that the rate 
ofreaction increases by 2.25 times when the concentration 
of X is increased by 1.5 times, what is the order w.r.t. X? 
(1)0 (2) 1 (3) 2 (4) 3 
40. Consider a reaction aG + bH ——> Products. When 
concentration of both the reactants G and H is doubled, the 
rate increases eight times. However, when the concentration 
of G is doubled, keeping the concentration of H fixed, the 
rate is doubled. The overall order of reaction is 
(1) 0 (2) 1 (3)2 (4)3 
41. For a hypothetical reaction A — B, it is found that the rate 
constant = x s~}. By what factor the rate is increased if the 
initial concentration of A is tripled? 


(Iyi (2)2 (3) 3 (4) 4 
42. Fora reaction: nA——> Product, if the rate constant and the 
rate of reactions are equal, what is the order of the reaction? 


(1) 0 (2) 1 (3) 2 (4) 3 
43. Analyze the generalized rate data: 
RX + M° —> Product 


(2) first-order reaction 
(4) third-order reaction 


| Experiment [RX] [M°] 
| Substrate | Attacking 
| species 
I 010M | 010M (12x 104 
| 0.20 M 010M (2.4% 104 
oOo 0.10M | 020M [24x10 
IV 0.20 M 0.20 M 4.8 x 104 
The value of rate constant for the given experiment data is 
(1) 1.2 x 10° (2) 1.2 x 104 
G)12* 10? (4) 2.4 x 107? 


44. Refer to Q.43 For the reaction under consideration, 3° 
alkyl has been found to be the most favourable alkyl group. 
Which of the following attacking species (M9) will give 
the best yield in the reaction? 


(1) (CH,),CH—O® (2) (CH,),C—O° 


© 
(3) OH (4) CH,CH,O° 


45. Forrate constant is numerically the same for three reactions 
of first, second and third order respectively. Which of the 
following is correct ? 


(1) If [A] > 1, then z, > Ken, 
(2) If [A] < 1, then 7; > r, >r, 


46. 


47. 


48. 


49. 


50. 


(3) If [A] = 1, then 7 =7, =r, 


(4) All of the above 


Which of the following statements is not correc 


. t ab 
order of a reaction? Out 


(1) The order of a reaction is the sum of the powe 
molar concentration of the reactants in the rat 
expression. 


TS of 


(2) Order of a reaction is experimentally determ 


ined 
quantity 


(3) The order of a reaction is always equal to the sum 
of the stoichiometric coefficients of reactants in the 
balanced chemical equation for a reaction 


(4) The order of a reaction can be a fractional number 
Trimolecular reactions are uncommon because 


(1) The probability of three molecules colliding at an 
instant is low 


(2) The probability of many molecules colliding at a, 
instant is high 


(3) The probability of three molecules colliding at ap 
instant is zero 


(4) The probability of three molecules colliding at an 
instant is high 


Which of the following statements is incorrect? 


(1) A second order reaction must be a bimolecular 
elementary reaction 


(2) A bimolecular elementary reaction must be a second 
order reaction 


(3) Zero order reaction must be a complex reaction 


(4) First order reaction may be complex or elementary 
reaction. 


Reaction A — B follows second order kinetics. Doubling 
the concentration of 4 will incraese the rate of formation 
of B by a factor of: 


(1) 1/4 (2) 1/2 
(3) 2 (4) 4 


For the two reactions I: 4 > B :; Il: C > D follow 
graph is obtained. 


Conc. | 0.5M 


Time (min) 
Which of the following is true: 
(1) If [B] = [A] then at that time [D] = 0.75 
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then at that time [B] > [D] then which of the following is(are) correct? 


= (t,00%) Reaction Il I. Rate constant =k, k, IL (N,0,]=4,, [NO] 


3) (! sare Reaction I 


l 3. IIL. [N,0,]= k, [NO] IV. Rate constant = k, 
210) at £=—— min. aan g 
d) [A] 2 e correct option is 
m of Reaction (1) 1,1 (2) HII, IV 
IS 
yecha" " eaction A(g) + 2B(g) > C(g) + D(g) is an (3) 1, IHI (4) None of these 
| sl mentary process. In an experiment involving this 56. Consider a reaction X + Y —> Products. If the initial 
„lementan) 


ion. the initial partial pressure of A and B are concentration of X is increased to four times of its original 
react 


— 0.60 atm and pg = 0.80 atm, respectively. When value, keeping the concentration of Y constant, the rate of 
4 _ 0.20 atm, the rate of reaction relative to the initial reaction increases four-fold. When the concentration of 
a is both X and Y becomes four times their original values, the 
(1) 1/6 (2) 1/12 (3) 1/36 (4) 1/18 rate of reaction becomes 16 times its original value. The 
¿y Inthe decomposition of N,O.(8), observed rate law is 
woda —= 4NO,(g) + O3(8), (1) k(XP[YP (2) k [X] [YF 
ome ea S f l l 4) k IX 21y J 
the observed rate law is given by (3) k [X] TY] (4) k XF LY] . 
57. The rate law for the reaction O, + O —> 20, is 
dal z k pel NOs]: rate = k[O,][NO]. Then which is incorrect? 
i (1) NO is catalyst. 


Which of the following proposed mechanics is consistent 
with the rate law? 


(1) N,0,(g) —— N,0;(g) + O,(2) 


(2) O atom is not involved in slow step. 

(3) The slow step is bimolecular. 

(4) None of these 

(2) N,0,(g) > NO,(g) + NO,(g) 58. The rate of reaction can not be increased by 
(1) Decreasing threshold energy 


3) NO,(g) + NO,(g) —1-+ NO(g) + NO,(g) + 0,() J 
(2) Using a positive catalyst 


ai k 
(4) NO,(g) + NO(g) —=— 2NO,(g) (3) Increasing activation energy 


33, Consider the reaction mechanism: (4) Increasing temperature 
A, = 9A (fast) (where A is the intermediate.) 59. The reaction: ` 
A+B = P (slow) OCI® + JE ay OIE + CIE 
The rate law for the reaction is takes place in the following steps: 
(1) k [A] [B] (2) A Al [B] i. OCIS + H,O —= HOCI + OH (fast) 
(3) kk A] [B] (4) kk? [A] [B] 2 

3. In the formation of HBr from H, and Br,, following ii, 1© + HOCI —— HOI + Cle (slow) 
mechanism is observed: an $ 7 

_ OH + oc ae > =. 
L Br, == Br (Equilibrium step) Me esa I’ H,O + OF (fast) 
Il. H. + Bre» HBr + He (Slow step) The rate of consumption of IÙ in the following equation is 
ee 

IIL. He + Die => HBr + He (Fast step) (1) kyk [OCI IT" ] Q) kk [ocr Ie] 
The rate law for the above reaction is , 2 1 OH A [ÖH] 
()r=k [H] [Br] (2) r = k [H,][Br3] — | 
Or=kIAJ 2B] Orak BT” gy AIOC] a ETOC 

S5. The forward reaction rate for the nitric oxide-oxygen k, [OH] k l OH] 


reaction 
2NO + 0, —> 2NO, has the rate Jaw as: 
Rate = k [NO] [O]. 


60. The following mechanism has been proposed for the 
exothermic catalyzed complex reaction: 


Fas : k 
If the mechanism is assumed to be: A+B — "> IAB—1> AB+1—2.5 PHA 
No —e4 N.O (rapid equilibration) If k is much smaller than k,, the most suitable qualitative 
] 272 plot of potential energy (PE) versus reaction coordinates 
N,O, +0, h, 2NO, (slow step), for the above reaction is 


a” 2 ae 
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Reaction coordinate 


ir 


AB+I 


Reaction coordinate 


Reaction coordinate 


(4) 


Reaction coordinate 


61. The mechanism of the reaction 
2NO + O, —> 2NO, is 


E.. ES 
NO + NO k N,O, (fast); 


N,O, + O, —*— 2NO, (slow) 
The rate constant of the reaction is 


(1) k, (2) kyk\(k,) B) kk, 


(4) k a 
= 


62. A following mechanism has been proposed for a reaction: 
2A+B— DHE 
A+B— C+D (slow) 
A+C— E (fast) 


The rate law expression for the reaction is 
(1) r = k[A] [B] (2) r = k[A][B] 
(3) r=k{A? (4) r=k{A][C] 


63. 


64. 


65. 


66. 


67. 


68. 


69. 


A hypothetical reaction A, + B, + 2AB fol | 


mechanism as given below: lows the 
A, 5> A +t A 

; (fast) 
A+B, > AB + B A 
A+B—AB ne 
The order of the overall reaction is si) 
(1)2 (2) 1 (3) 1.5 (4)0 


The slowest step of a particular reaction is found 
1/2X, + Y, > XY, The order of the reaction is 


(1)2 (2)3 (3) 3.5 (4) 15 


A reaction A, + B, > 2AB occurs by the follow; 
mechanism: "8 


tO be 


A>AtA... (slow) 
A+B, >AB+B... (fast) 
A+B>AB.. (fast) 
Its order would be 

(1) 3/2 (2) 1 (3) Zero (4)2 

The chemical reaction 20, — 30, proceeds as follows: 
Ss oe (fast) 
O + 0, > 20, (slow) 


The rate law expression should be 

(1) r= k[O,} (2) r= k{O; PIO] 

(3) r = k{O,][O,] (4) Unpredictable 

For an exothermic chemical process occurring in two steps 


as 
i A+B—>X (slow) 
ii. X — AB (fast) 
the progress of the reaction can be best described by 

X 
(1) [A+B 


A plot of logarithm of rate vs logarithm of concentration ci 
the reactant in a first order reaction is straight line who 
slope is tan, where 0 is 

(1) 45° (2) 135° 

(3) 90° (4) log k 

The rate of radioactive decay ofa sample are 3 * 10° 
3 x 107 dps after time 20 min and 43.03 min respec? i 
The fraction of radio atom decaying per second is eq"? 


dps and 
ctive ly. 


| 
(O o0 (2)1 
(3)0.5 (4) 0.001 


g 


ow sl 
q. con 1.386 


— 


wd 


75, 


76, 


- dor the following parallel reactions being given by A 
ae < 102 hours), each path being first order. 
(hi 42B 
ky p 


3C 


| distribution of B in the product mixture is 50%, the 
`t 1e ` ~ ~ > d : 
It If life of A for conversion into B is 


rtial ha 
Ha h (2) 31h (3) 115.5h (43ih 
(23 


rate constant for forward reaction A(g) == 2B(g) 


The 


"gx loss tat 100K. If 10° moles of A and 100 moles 
is b 


Bare present in a 10-L vessel at equilibrium, then the 
t 


ate constant for the backward reaction at this temperature 


i 1.80 104L mol! s} (2) 1.50 x 107! L mol! s7! 
(3) 1.50 * 100 L mol! s7! (4) None of these 

The rate law for a reaction between the substance A and 
Bis given by 

Rate = A{A]"[B]” 

On doubling the concentration of A and halving the 
concentration of B, the ratio of the new rate to the earlier 
ratio of the reaction will be 


Fa 2) (m+n) (B)(n-m) (4)2"-™ 


~ 


_ During the study of kinetics of chemical or nuclear reaction, 


ít, „ can be defined as 

(1) One-third of the reaction molecules are left. 

(2) Two-third of the reaction molecules are left. 

(3) One-third of half of the raction molecules are left. 

(4) One third of two-thirds of the reaction molecules are left. 


. Gadolinium-153, which is used to detect osteoporosis, has a 


half life of 242 days. After how many days, on an average, 
2 nuclide can be considered absent from patient’s system? 


(1) Infinity (2) 350 days 

(3) 242 days (4) 4 x 10° days 

The rate constant for the hydrolysis of ethyl acetate 
in the presence of 0.1 N acid (A) was found to be 
547105 s and for the hydrolysis of ethyl acetate in the 


presence of 0.1 N acid (B), it was 6.2 * 10°°s | From these 
observations, one may conclude that 


(1) Acids (A) and (B) are both of same strength. 
(2) Acid (B) is weaker than acid (A). 

(3) Acid (B) is stronger than acid (A). 

(4) Data is insufficient. 


Slow 


For the reaction, R-X ———? R? +X, 


C 
R°+ OH —F_, ROH 
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Which type of reaction coordinate diagram represents the 
above reaction mechanism? 


t \ 


(1) AG® 


Reaction progress 
———m 


Reaction progress 
— 


Reaction progress 
SD 


(4) This is S,1 reaction where no transition state will be 
present 


77. The rate constant for zero order reaction is 


c (Cy -c ) 
l k= 2 7) k= 0 I 
) 2t @) t 
oe (2-5) n- & 
(3) n 7 (4) k F 


i 


78. Gaseous cyclobutane isomerizes to butadiene in a 
first order process which has a & value at 153°C of 
3.3 x 107 s!. How may minutes would it take for the 
isomerization to proceed 40% to completion at this 
temperature? 
(1) 26 min (2) 52 min 
(3) 13 min (4) None of these 

79. The isomerization of cyclopropane to form propene is a first 
order reaction. At 760 K, 85% ofa sample of cyclopropane 
changes to propene in 79 min. Calculate the value of the 
rate Constant. 
(1) 3.66 x 10 ? min ! (2) 1.04 > 10? min"! 
(3) 2.42 min ! (4) 2.40 x 10° min“! 

80. The conversion of vinyl allyl ether to pent-4-enol follows 


first order kinetics, The following plot is obtained for such 
a reaction: 


AA 
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81. 


82. 


83. 


85. 


log (a —-x) ——> 
A nN nN 


Ww 


N 


— 


2 4 6 8 10 
Time (min) ——> 


The rate constant for the reaction is 

(1) 4.6 x 107 s7! (2) 1.2 x 107s! 
(3) 2.3 x 107s! (4) 8.4 x 107s! 
Calculate the half life of the first-order reaction: 
C,H,O(g) —> CH,(g) + CO(g) 


The initial pressure of C,H,O (g) is 80 mm and the total 
pressure at the end of 201 min is 120 mm. 


(1)40 min (2)120min (3)20min (4) 80min 
Aqueous AB, decomposes according to the first order 
reaction: 

AB,(aq) —> A(g) + 2B()) 

After 20 min the volume of A(g) collected during such a 
reaction is 20 mL, and that collected after a very long time 
is 40 mL. The rate constant is: 

(1) 3.45 x 10° min"! (2) 3.45 x 10°? min“! 

(3) 1.435 x 10% min"! (4) 6.93 min"! 

The rate constant of a reaction with a virus is 3.3 x 10 s7! 
Time required for the virus to become 75% inactivated is 
(1)35min (2)70min (3)105min (4) 17.5 min 


. A Geigger Muller counter is used to study the radioactive 


process. In the absence of radioactive substance A, it counts 
3 disintegration per second (dps). At the start in the presence 
of A, it records 23 dps; and after 10 min 13 dps, 


i. What does it count after 20 min? 
ii. What is the half life of A? 
(1) 8 dps, 10 min (2) 5 dps, 10 min 


(3) 5 dps, 20 min (4) 5 dps, 5 min 
(A) 


Half life is independent of the concentration of A. After 


10 min volume of N, gas is 10 Land after complete reaction 
is 50 L. Hence, the rate constant is 


86. 


87. 


88. 


89. 


90. 


91. 


92. 


93. 


94. 


an log 5 min! (2) 2 m 


2 
(1) log 1.25 min“! 


= (4) ao 


(3) 2 3 log 2 min 


log 4 min”! 


A —> Product, [A], = 2M. After 10 min reaction is 10% 
9 


d{ A 
completed. If ZA =k[A], then ¢, nis approximately 
(1) 0.693 min (2) 69.3 min 
(3) 66.0 min (4) 0.0693 min 


1 


Rate is expressed in mol L7! min” 
In the above reaction, the order is 
(1) Zero in A and one in B 

(2) One in A and zero in B 

(3) One in both A and B 

(4) Zero in both A and B 

The rate constant of a reaction is 0.0693 min. Starting with 
10 mol, the rate of the reaction after 10 min is 

(1) 0.0693 mol min“! 

(2) 0.0693 x 2 mol min"! 

(3) 0.0693 x 5 mol min"! 

(4) 0.0693 x (5)? mol min"! 

The half life of a radioactive element is 20 min. The tme 
interval between the stages of its 33% and 67% decay is 
(1) 40 min (2) 20 min 

(3) 30 min (4) 25 min 

60% of a first order reaction was completed in 60 min. The 
time taken for reactants to decompose to half of their original 
amount will be 

(1)=30 min (2)=45 min (3)*20min (4) =40min 
70% ofa first order reaction was completed in 70 min. What 
is the half life of the reaction? 

(1)4.2min (2)42min (3)4.2hbr (4) 4.28 

80% of a first order reaction was completed in 70 min. How 
much it will take for 90% completion of a reaction? 

(1) 114min (2) 140 min (3) 100 min (4) 200 min 
90% ofa first order reaction was completed in 100 min. a 
much time it will take for 80% completion of a reaction: 
(1)90min (2)80min (3)70min (4) 60 min 
90% of a first order reaction was completed in 100 mm 
What is the half life of the reaction? 

(1) 63.3 min (2) 53.3 min (3) 43.3 min (4) 30 min 


Chemical Kinetics 4.95 


isis of ester in alkaline medium is a 
“re bY a reaction with molecularity 1 
* pfi st ; order reaction with molecularity > 2 
„cOn 


C . . ‘ 
0 ger reaction with molecularity 2 


to , . ' 
3) Firs 4 order reaction with molecularity | 
scon ä . . 
ayser d order reaction requires 70 min to change the 


4 $000 ion of reactants from 0.08 M to 0.01 M. How 
ge ye will it require to become 0.04 M? 


tin ; 
h (2) 20 min (3)30min (4) 40 min 


ject the law that corresponds to data shown for the 
q Selec 


"> lowing reaction A + B > Products 
fllon S 


Exp [Al [B] Initial rate 
i 0.012 0.035 01 
) 0.024 0.070 0.8 
; 0.024 0.035 0.1 
4 0.012 0.070 0.8 
ayRate= ABP (2) Rate = k[B]4 


3) Rate = MAI (4) Rate = [A] [B] 

If the concentration is measured in mol L! and time in 
minutes. the unit for the rate constant of a third order reaction 
1S 
4) mol L” min 


(3)L mol? min! 


(2) L? mol? min! 

(4) min“! 

99, The rate of a reaction increases four-fold when the 
concentration of reactant is increased 16 times. If the rate 
af reaction is 4 x 10% mol L~! s when the concentration 
of the reactant is 4 x 10~ mol L~!. the rate constant of the 
reaction will be 
(1)2 x 10-4 mol!? L-¥? st (2) 1 x 107s! 

(3)2« 104 mol)? L!? s~ (4) 25 mol?! L min"! 

100. Two substances A and B are present such that [Ag] = 4[Bo] 

and half life of A is 5 min and that of B is 15 min. If they 

start decaying at the same time following first order kinetics 
how much time later will take if the concentration of both 
of them would be same? 

(15min (2)10min (3)Smin = (4) 12 min 

10L. A first order reaction: A —> Products and a second order 

reaction: 2R ——> Products both have half time of 20 

min when they are carried out taking 4 mol L`?! of their 

respective reactants. The number of mole per litre of A and 

R remaining unreacted after 60 min from the start of the 

reaction, respectively, will be 

(1) 1 and 0.5 M (2) 0.5 M and negligible 

(3) 0.5 and 1 M (4) 1 and 0.25 M 

102, The inversion of cane sugar proceeds with half life of 

500 min at pH 5 for any concentration of sugar. However, if 

pH = 6, the half life changes to 50 min. The rate law 

expression for the sugar inversion can be written as 

()r= sugari (2) r= Aisugar [HI 

G)r= ksugarpeé (4) r= ksugar IHT 

103. The thermal decomposition of a compound is of first order. 

If 50% of a sample of the compound is decomposed in 


104. 


106. 


107. 


108. 


109. 


110. 


S o 


120 min how long will it take for 90% of the compound to 
decompose? 

(1)399 min (2)410min (3)250min (4) 120 min 
The reaction A(g) + 2B(g)—> C(g) + D(g) is an elementary 
process. In an experiment, the initial partial pressure of A 
and B are P, = 0.60 and P} = 0.80 atm. When Po = 0.2 atm, 
the rate of reaction relative to the initial rate 1s 

(1) 1/48 (2) 1/24 (3) 9/16 (4) 1/6 


. For a first order reaction, fy 45 IS 1386 s. Therefore, the 


specific rate constant is 


(1) 10's! (2) 103s! 
(3) 102 s! (4 10 s! 
In a first order reaction, the concentration of the reactant 


decreases from 0.8 M to 0.4 M in 15 min. The time taken 

for the concentration to change from 0.1 M to 0.025 M is 

(1)60min (2)15 min (3)7.5 min (4) 30 min 

The rate equation for the reaction 2A + B — C is found to 

be: rate = k[A][B]. The correct statement in relation of this 

reaction is that 

(1) The value of k is independent of the initial concentration 
of A and B. 

(2) tn is a constant. 

(3) The rate of formation of C is twice the rate of 
disappearance of A. 

(4) The unit of k must be gl, 


The reaction A > B follows first order kinetics. The time 
taken for 0.8 mol of A to produce 0.6 mol of B is 1 br. What 
is the time taken for the conversion of 0.9 mol of Ato product 
0.675 mol of B? 


(1) 1 hr (2) 0.5 hr 
(3) 0.25 hr (4) 2 hr 
When the rate is determined by the change in concentration 


of two different reactants, then the kinetic equation may be 
expressed as 


2.303 (a—x)b 
1) k; = log ——— 
U) M (a—b)t a haa 
(2) ky = 2.303 (a — x) 

(a-—b)t ~ (atx) 

2.303 (a- x) 
3) k, = log ——~ 
(3) K2 Gab E aa 
(4) k as 

t (a-x) 


The slope of the line for the graph of log & versus 1/T for 
the reaction NO; —> 2NO, + 1/20, is -5000. Calculate 
the energy of activation of the reaction (in kJ K~! mol’). 
(1) 95.7 (2) 9.57 

(3) 957 (4) None 
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111. The inversion of a sugar follows first order rate equation 
which can be followed by noting the change in the rotation 
of the plane of polarization of light in the polarimeter. If i 
r, and ry are the rotations at ¢ = œ, f= ¢, and ¢= 0, then the 
first order reaction can be written as 


(1) E L a (2) ie A ES 


tl “H-%, t Ror 


pO je l a Py 
(3) k=l (4) k=-In-2—! 
t RTI, t -h 


a 


112. For a certain decomposition, the rate is 0.30 M s~! when 
the concentration of the reactant is 0.20 M. If the reaction 
is second order, the rate (in M s~!) when concentration is 
increased three times is 


(1) 0.30 (2) 0.90 (3) 0.60 (4) 2.70 
113. For a second order reaction dx/dt = k(a — x)’. Its half life 
period is 
l 0.693 a 0.693 
— — 3) — (4) —— 
(1) ak 2) k (3) k ak 


114. The dissociation of nitrogen pentaoxide is a first order 
reaction. In first 24 min, 75% of nitrogen pentaoxide is 
dissociated. What amount of nitrogen pentaoxide will be 
left behind after one hour of the start of reaction? 

(1) Approximately 1% (2) Approximately 2% 

(4) None 

115. Ina certain reaction, 10% of the reactant decomposes in one 
hour, 20% in two hours, 30% in three hours, and so on. The 
dimension of the velocity constant (rate constant) are 
(1) br? (2) Mol L~! hr! 

(3) L mol! s~! (4) Mol s~! 

116. The decomposition of H,O, can be followed by titration 
with KMnO, and is found to be a first order reaction. The 
rate constant is 4.5 x 10%. In an experiment, the initial titre 
value was 25 mL. The titre value will be 5 mL after a lapse 


(3) Approximately 3% 


of 
(1)4.5%102x5min (2) 85 nin 
4.5x10 
log, 5/4 
(3) 453162 n (4) None of these 


117. The half life of decomposition of N,O, is a first order 
reaction represented by 


N,O; —> N,O, + 1/20, 
After 15 min the volume of O, produced is 9 mL and at the 
end of the reaction 35 mL. The rate constant is equal to 


] 35 | 44 
(1 —lo en, —. Y: a 
) T5 S 26 (2) 15 Bez 
j| 35 
(3) 15 Ee 36 (4) None of these 


118. In the reaction A + B > C+D, the concentration of A and 


B are equal and the rate of the reaction is rate = k[A][B]. 
The integrated rate equation for this reaction is 


119. 


120. 


121. 


122. 


123. 


124. 


125. 


126. 


xa 
1) k= (2) k= 
Li t(a — x) (a- x) 
] x l m 
3) k= (4) Tee *_ 
ee t a(x- a) t a(x ~aq) 
In a second order reaction, 20% of a substance is dissociate 
in 40 min. The time taken by 80% of its dissociation is 
(1) 160 min (2)640 min (3) 200 min (4) 320 min 


t n = constant confirms the first order of the reaction 
A bins = constant confirms that the reaction is of 


(1) Zero order (2) First order 
(3) Second order (4) Third order 


For the reaction 2NO(g) + H,(g) —> N,O(g) + H,O(g), at 
900 K following data are observed. 


as One 


Initial pressure Initial pressure 
of NO (atm) of H, (atm) j 


Initial rate of 
pressure decrease 
(atm min’) 


Find out the order of reaction. 


(1)3 (2)2 (3)1 (4)0 

The composition of N,O, is a first order reaction represented 
by: N,O, > N,O, + 1/20,. 

After 20 min the volume of O, produced is 10 mL and x 
the end of the reaction 40 mL. The rate constant is equal to 


1, 30 1, 50 1, 50 1, 40 
1) —In— (2) —In— (3) —In— (4) —b— 
50750 3939 © "w © a9 
For a hypothetical reaction: A+ B — Products. the rate law 


is r = k[A][B]°. The order of reaction is 

(1) 0 (2) 1 (3) 2 (4) 3 

For hypothetical chemical reaction A —> I, it is found that 
the reaction is third order in A. What happens to the rate of 
reaction when the concentration of A is doubled? 


(1) Rate increases by a factor of 2. 
(2) Rate decreases by a factor of 3. 
(3) Rate increases by a factor of 8. 
(4) Rate remains unaffected. 


What is the order of reaction which has a rate expression 
rate = KAP? (By! 


(1) 3/2 (2) 1/2 
(3) Zero (4) None of these 


For which of the following represents the expression for 
three/fourth life of reaction? 


k 2.303 
| log a 4 
(1) 2303 08 4/3 (2) z log 3/ 
2.303 
(3) z 084 (4) = log 3 
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Peete following expressions is correct for first order 


[A B 
ypich? ofers to initial concentration of reactant) [B] na 
yh ction ad mec! (3) tyne P (4) 1 f 0.1M OIM 0.002 M s | 
or og Dine a 8 iw 0.2M 01M 0.002 Ms! 
(Nhe ydet reaction, the concentration of the reactants 0.3 M 0.2M 0.008 Ms! 
pa fiS te ao% in one hour. The half-life period of the | 
si egued (© 0.4M 0.3 M 0.018 Ms | 
De. 5 IS rata H 
actio! oy 4 he (3) 1/2 hr (4) 1/4 hr The rate law is 
wah =~: (1) r = AAYBY (2) r = kA) IBY 
j ‘acc0us reaction, A,(g) 4 Pei + es shows (3) r= k[A][B] (4)r= kA VIBE 
gas i n -ESS re ù 1 + i m R p 
pores ip on: ae omnes ofA 0 120 miy in 137. In the presence of acid, the initial concentration, of cane 
< min. The rate of alsappes a 2” p sugar was reduced from 0.2 M to 0.1 in 5 hr and to 0.05 M 
ymm min! rr : a ae in 10 hr. The reaction must be of 
$ 16 mm mmn ti ( ie ae M (1) Zero order (2) First order 
ana hypothetical = wane EM? N. If the (3) Second order (4) Fractional order 
iit. concentration of Y is kept constant but that of X is tripled, 138. For tion, X(g) > Y(g) + Z(g). The half-life period is 
he rate of reaction then will be POr aa N 5 ~ 
t 


10 min. In what period of time would the concentration of 
X be reduced to 10% of the original concentration? 
(1)20min (2) 33 min (3)15min_ (4) 25 min 
a, Forthe reactionA+B—Ct D, doubling the concentration 139. Ifa is the initial concentration of reaction, then the half-life 
j of both the reactants increases the reaction rate by 8 times period of a reaction of nth order is 

and doubling the initial concentration of only B simply (1) a" (2) q” -! (3) a! -” (4) gt! 


goubles the reaction rate. The rate law for the reaction is 140. When the concentration of a reactant in reaction A > B is 


») Increased by 3times (2) Increased by 6 times 
| = 
3) increased by 9times (4) Unpredictable 


(l)r= KAIBY (2) r= k[A][B] increased by 8 times but rate increases only 2 times, the 
ion would b 
3) r=kl A}!7[B] (4) r=K{AP[B] ie of the es wou P m 
32. Consider a gaseous reaction, the rate of which is given by (1) (2) . 2 
HAJIB]. The volume of the reaction vessel containing these 141. The rate law for the reaction Ea 
gases is suddenly reduced to 1/4th of the initial volume. The RCI + NaOH(aq) > ROH + NaCl is given by 
mate of the reaction as compared with original rate is Rate = k{RCI]. The rate of the reaction will be 
(1) 1/16 times (2) 16 times (1) Doubled on doubling the concentration of sodium 
(3) 1/8 times (4) 8 times hydroxide. a | 
133. How will the rate of reaction (2) Halved on reducing the concentration of alkyl halide to 
aed , one half. 
250,18) i 0,(8) >? e change if the volume of the (3) Decreased on increasing the temperature ofthe reaction. 
oa vessel is haved, (4) Unaffected by increasing the temperature ofthe reaction. 
(1) It will be 6th of its initial value. 142. The rate of reaction between A and B increases by a factor 
(2) It will be 1/4th of its initial value. 


of 100, when the concentration with respect to A is increased 
10 folds, the order of reaction w.r.t. A is 


(4) It will be 4 times of its initial value. (1) 10 (2) 1 (3) 4 (4) 2 

134. The half-life period for catalytic decomposition of AB, at 143. For a chemical reaction A > F, it is found that the rate of 
50 mm is found to be 4 hr and at 100 mm it is 2.0 hr. The reaction doubles when the concentration of A is increased 
order of reaction is four times. The order in A for this reaction is 
(1) 3 (2) 1 (3) 2 (4) 0 (1) 2 (2) | (3) 1/2 (4) Zero 

135, The hydrolysis of an ester was carried out with 0.1 M 144. If the initial concentration of reactants in certain reaction 
H SO, and 0.1 M HC] separately. Which of the following 


expressions between the rate constants is expected? The rate 
expression being rate = k[H®][ester] 


(3) It will be 8 times of its initial value. 


is double, the half-life period of the reaction doubles, the 
order of a reaction is 


(D kici = Kpso o eero seis 
2) kyc > kas 5, (3) never | (4) Third 
(3) hacy < kisos 145. n ' an ae sana 75% of the eactants disappeared 
(4) kaso, = 2kac | ir. What is the rate constant? 
36. In a catan gaseous reaction between A and B, (1) 3.6% 10" 5+ (2) 2.7 x 10457! 
A+3B> AB,. The initial rates are reported as follows: (3) 72 10351 


(4) 1.8 x 10° s7! 


y aN 
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146. 


147. 


148. 


149. 


150. 


A substance “A” decomposes in solution following the first 

order kinetics. Flask I contains 1 L of 1 M solution of A and 

flask II contains 100 mL of 0.6 M solution. After 8 hr, the 

concentration, of A in flask I becomes 0.25 M. What will be 

the time for concentration of A in flask II to become 0.3 M? 

(1) 0.4 hr 

(2) 2.4 hr 

(3) 4.0 hr 

(4) Unpredictable as rate constant is not given 

The half-life period of a second order reaction is 

(1) Proportional to the initial concentration of reactants 

(2) Independent of the initial concentration of reactants 

(3) Inversely proportional to the initial concentration of 
reactants 

(4) Inversely proportional to the square of initial concentration 
of reactants 


Diazonium salt decomposes as 

CAN, Cr —> C,H,Cl+N, 

At 0°C, the evolution of N, becomes two times faster when 
the initial concentration of the salt is doubled. Thus, it is 
(1) A first order reaction 

(2) A second order reaction 


(3) Independent of the initial concentration of reactant 


(4) A zero order reaction. 

A sample of <,1'3!, as IP ion, was administered to a 
patient in a carrier consisting 1.0 mg of stable I° ion. After 
4.0 days, 60% of the initial radioactivity was detected in 
the thyroid gland of the patient. What mass of the stable 
I® ion had migrated to the thyroid gland? (Given: ¢,,. of 
['3! = 8 days) 


(1) 0.65 mg (2) 0.75 mg 
(3) 0.85 mg (4) 0.95 mg 
The half life for the viral inactivation if in the beginning 


1.5% of the virus is inactivated per minute is (Given: The 
reaction is of first order) 
(1) 76 min 
(3) 56 min 


(2) 66 min 
(4) 46 min 


Graphical Methods for the Determination of Order of 


Reaction 


151. 


Following is the graph between (a — x)! and time ¢ for 
second order reaction 9 = tan~! (0.5) OA = 2L mol". 


O ——> t(min) 


152. 


153. 


154. 


155. 


156. Which of the following is correct graph for the re 


Hence, the rate at the start of the reaction js 
(1) 1.25 mol L" min! (2) 0.5 mol L~! min- 
(3) 0.125 mol L~! min"! (4) 12.5 mol L-1 


min`! 
Graph between log k and 1/T 
[k is rate constant (s7!) and 
T is the temperature (K)] œ \ 
is a straight line with OX = 5, DLIA 
0 = tan"! (1/2.303). Hence -E, 
will be O Li 
(1) 2.303 x 2 cal (2) 2/2.303 cal 
(3) 2 cal (4) None 
Following is the graph between log Tp and lop: 


(a = initial concentration) for a given reaction at 27°¢ 
Hence order is 


2 
—> loga 
(1) 0 (2) 1 (3) 2 (4) 3 
Which of the following graphs is for a second order reaction? 
o? 7 
S 3 
a ~ 
(a—x) (a —x) 
(3) T (4) l 
g 2 
ee 2 
(a—x) (a —x) 


The accompanying figure depicts a 
change in concentration of species 
A and B for the reaction A — B, as j 
a function of time. The point of inter 4 
section of the two curves represents 


P 


conc —> 


(1) ti Time —> 
(2) t34 
(3) ty; 
(4) Data insufficient to predict 
action’ 


H2 , 
Ni 


log th/2 


N/2 


ents zero order reaction? 


log a 


1 which curve repres 
151. 


on} — (2) m / 
t t 
(4) w 


t t 


188, A graph plotted between log k versus 1/T for calculating 
activation energy is shown by 


< : 
(1) log k (2) log k S 


—> 


1/T —> te ia 
A i xer 

(3) log k (4) log k 
iT? 1/T —> 


159. Ifa graph is plotted between log (a — x) and t, the slope of 


the straight line is equal to —0.03. The specific reaction rate 
will be 


(1)6.9x 102 (2)6.9 (4) 6.9 x 104 


(3) 0.69 


160. For a zero order reaction, the plot of concentration, vs time 


is linear with 


(1) +ve slope and zero intercept 

(2) -ve slope and zero intercept 

(3) +ve slope and non-zero intercept 

(4) -ve slope and non-zero intercept 

161. The reaction 2N,0,(g) > 4NO,(g) + O 


Straight line? 

(1) log Py,o; VS time with —ve slope 

(2) (Pro J vs time 

(3) Puo , v8 time 

(4) log Py,o, VS time with +ve slope | 
k=0.1 M min 


162. Consider a reaction A(g) ——— 7 2B(g). If initial 


concentration of A is 0.5M then select correct graph . 


ms 
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(8) is first order 
wt. N,O,. Which of the following graphs would yield a 


Am 
N 
< 
© ; 
Nn 
1 
1 
1 
1 
| 


WGN --- m 


10 
time (in min) 


(3) 1.0Mt---- 


5 10 
time (in min) 


5 10 
time (in min) 
163. A graph between log t}; and log a (abscissa), a being the 
initial concentration of A in the reaction. For reaction 
A — Product, the rate law is: 


—d[ A] dA) 
—- Z 
U= ok Q) = =K{A] 

—d\ A] 2 -d A m 3 
(3) -y “K [4] (4) a = KA} 


164. Decomposition of NH,NO, (aq) into N,(g) and 2H,0(1) 
is first order reaction. Which of the following graph 1S 


correct? 
o S 
(1) & oe 
time time 


4.100 Physical Chemistry , 


165. 


166. 


167. 


3 3 
OZN (4) 4, 
2 2 
time time 


If decomposition reaction A(g) ——> B(g) follows first 

order kinetics then the graph of rate of formation (R) of B 

against time 7 will be: 
R 


(1) (2) 


(3) (4) 


t t 


What will be the order of reaction for a chemical change 


having log t,,. vs log a ? (where a = initial concentration 


of reactant; fi = half-life) 


loga 
(1) Zero order (2) First order 
(3) Second order (4) None of these 


For the reaction A —> B, for which graph between half- 
life (t2) and initial concentration (a) of the reactant is as 


given below 
tin2 
a 


d{ A] 


Hence graph between — F 
t 


and time will be: 


d{ A] _ aA) 
(1) ai (2) -7 
| —_~ 
d[A] dA] 
3) -— enn 
©) dt (4 dt 
t t 


168. Decomposition of HI (g) on Gold surface is zero order 
reaction. Initially few moles of H, are present in container 
then which of the following graph is correct? 


(1) s (2) 3 


time time 


(3) Paty (4) "He 


time 


time 
169. Consider the plots, given below, for the types of reaction 


nA —> B+C 


hyp a 
[A] [A] 
(1) 19) 
a7) 
1/[A] 
(II) 
These plots respectively correspond to the reaction orders: 
(1) 0, 1,2 @) 1.2.0 
(3) 1, 0, 2 (4) None of these 


170. Consider the plots for the types of reaction 
nA ——> B+ C 


d[ A] 
eo A 
Ht [4] 
[A] t 
(I) (ID 
(HI) 
These plots respectively correspond to the reaction orders: 
(1) 0, 2, 1 (2) 0, 1,2 
(3) l, 1,2 (4) l, 0,2 
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order reaction, the plot of conc. (a — x) vs time 


(1 neat with 


y p slope and zero intercept 
(1) 


ye slope and zero intercept 
i +ve slope and non-zero intercept 
3 . 
ye slope and non-zero intercept 
(4) - 


e, 
„ag PHAS , , 

p aT homogeneous gaseous reaction A ——» 3B, if 
7 . 


ressure after time ¢ was P, and after completion of 
reaction, pressure was P „then select correct relation 


M — 

(1) R= 7" | 3(Pe — Pr) 
l 2ko 

(2) r= i (P, —Fr) 
Li Po 

0) k= oP. -Pr 


i Pa 2 Fo 
(4) E (Po —Fr) 


173. For the first order homogeneous gaseous reaction, 
4 ——> 2B + C then initial pressure was P, while total 
pressure after time ‘t’ was P.. The right expression for the 
rate constants k in terms of P, , P, and tis: 


í 2P. 
(1) k= : _ oe =| 


parallel, and Consecutive Reactions 


3P —P 
. 2P. 
2) r- 2B 27 
r SUR- 
(3) k a log a 
r *\R-P 
(4) None of these 


174. For a particular reaction with initial conc. of the reactants 
as a, and a,, the half-life period are £; and ź, respectively. 
The order of the reaction (n) is given by: 


l log (4 /t 
nere 2D (2) n= og (4 /t2) 
log (a5 / ay) log (az / a) 
log (4 /t 
3)n=1+ Ze ria (4) None of these 
log (a2 / a) 
175. The value of 10.875 for n” order reaction is 
10.50 
(1) 2@n-2) (2) Q(2n-2)-1 
| 
(3) mi (4) None of these 
7 
6. A decomposes as: 
k =2x 10° s! 
A(g) 2B(B) 
k=1x 10° s! C (8) 


177. 


178. 


179. 


The rate of appearance of B, taking 2 M concentration of 
A, is equal to: 


(1)2x 10° Ms (2)4x 103 Ms! 
(3) 8 x 10°? M s”! (4) None of these 
The reaction A(g) ——> B(g) + 2C(g) is a first order 
reaction with rate constant 2.772 x 10° s~! . Starting with 
0.1 mole of A in 2 litre vessel, find the concentration of A 


after 250 sec when the reaction is allowed to take place at 
constant pressure and at 300 K ? 


(1) 0.0125 M (2) 0.025 M 

(3) 0.05 M (4) None of these 

A(aq) ——> B(aq) + C(aq) is a first order reaction. 

Time t œ 

Moles of reagent n, n, 

Reaction progress is measured with the help of titration of 

reagent ‘R’. If all A, B and C react with reagent and have 
mol. mass_. 

‘n’ factors [n factor; eq. mass = —— 4 in the 

ratio of 1 : 2 : 3 with the reagent. The k in terms of t, n, and 

n, is: 


1 2 
Q) k=in 2 o k=tn| 22) 
t ny — j t n -m 


si k =tin{ = 
ek t inf 2) @) t 5(n> —m) 


A gaseous compound A reacts by three independent first 
order processes (as shown infigure) with rate constant 
2 x 10%, 3 x 10% and 1.93 x 10° sec! for products B, C 
and D respectively. If initially pure A was taken in a closed 
container with P = 8 atm, then the partial pressure of B (in 
atm) after 100 sec from starting the experiment is: 


D (g) 
(1) 0.288 (2) 0.577 
(3) 1.154 (4) None of these 


180. For given hypothetical elementry parallel reaction, 


m only 2 moles of A are present. The total no. of 
moles of A, B and C at the end of 75% reaction are: 


(1)2 (2) 3 
ys (4) 3.5 


wy = 


4.102 


181. 


182. 


183. 


184. 


185. 


Physical Chemistry 
A compound 4 dissociates by two parallel first order paths 
at certain temperature 


k, (min`!) 
A (g) > 2B (g) 


k, (min!) ME 
A (g) ———> C (8) 


The reaction is started with 1 mole of pure ‘A’ in | litre 
closed container with initial pressure 2 atm. What is the 
pressure (in atm) developed in container after 50 minutes 
from start of experiment ? 

(1) 1.25 (2) 0.75 


(3) 1.50 (4) 2.50 


k, = 6.93 x 103 min”! 
k, = 6.93 x 103 min”! 


k, 
Ty . 
The reaction cis-X —— trans-X is order in both 
‘b 
direction. At 25°C, the equilibrium constant is 0.10 and the 
rate constant k, = 3 x 104 s™'. In an experiment starting 
with the pure cis-form, how long would it take for half of 
the equilibrium amount of the ¢rans-isomer to be formed ? 
(1) 150 sec (2) 200 sec 
(3) 240 sec (4) 210 sec 
Consider the elementry reaction sequence shown in figure. 
Which of the following equations are correct? 


fh 


Das ae, 


3 


oe A 
(1) A = k [A] + kD] 


Oe). 


(2 
dt 


k [B] — k [C] 


d{D 
(3) ue = -K,[D] + k,[D] 


(4) Can’t be predicted 


For the consecutive unimolecular-type first order reaction 


k, k 
A ——> R —> S, the concentration of component A, 
(C’,) at any time t is given by 


Oe, =Cye to BOC =Cye tka)! 
(3) Ci = Cye™ (4) Ci Z CeT 


For the consecutive unimolecular-type first-order reaction 
| 2 1 . 

A ——> R = S, the concentration of component R 

(Cp) at any time t is given by: 


skit I kot | 
Cr = C4 ky foe N 
(ky =k) (k-k) 


if C4 =C 4y Ca = CRo =(atr=0 


ky — k; In (ky / ky) 
1) tnay =—————_-— (2) tm, = — 2 
k2 /ky k-k] 
e e 
hans a (4) Fama = 
max ky _ kı ) max ky -kı 


Energy of Activation, Effect of Temperature and Catalyst 


186. 


187. 


188. 


189. 


190. 


191. 


192. 


The half time of a first order reaction is 6.93 x 10-3 min 
at 27°C. At this temperature, 108 % of the reactant 
molecules are able to cross-over the energy barrier. The 
pre-exponential factor A in the Arrhenius equation is equal to 


(1) 104 min™! (2) 108 min“! (3) 10!° min”! (4) 10!2 min- 
Consider the following reaction at 300 K: 

A—— B (uncatalyzed reaction) 

A—— B (catalyzed reaction) 


The activation energy is lowered by 8.314 kJ mol for the 
catalyzed reaction. The rate of this reaction is 


(1) 15 times (2) 38 times (3) 22 times (4) 28 times 


For the given reaction: 


y+ E 2HI 
Given : T (K) 1/T (K-') log k 
769 1.3 x 10° 2.9 
67 1.5x 10° 1.1 


The activation energy will be 

(1) 41.4 kcal mol"! (2) 40 kcal mol! 

(3) 41.4 kcal mol"! (4) 40 kcal mor! 

In the Arrhenius equation: k = A exp(—E,/RT), the rate 

constant 

(1) Decreases with increasing activation energy and 
increases with temperature. 

(2) Increases with activation energy and temperature. 

(3) Decreases with activation energy and temperature. 

(4) Increases with activation energy and decreasing 
temperature. 


According to the Arrhenius equation a straight line is to be 
obtained by plotting the logarithm of the rate constant of 
a chemical reaction (log k) against 
(1) T (2)logT = (3) VT (4) log 1/T 
Find out the percentage of the reactant molecules crossing 
over the energy barrier at 325 K. 
Given: AH; g = 0.12 keal: 

Ey) = 0.02 keal 
(1) 80.65% (2) 70.65% 
(3) 60.65% (4) 50.65% 
In the presence of a catalyst, the rate of a reaction grows t0 


the extent of 105 times at 298 K. Hence, the catalyst must 
have lowered E, by 


7 


— 


eee (2) 20 kJ mol"! 
25 KI me 8.5 kJ mol"! 
(1) i j mol” (4) 28.5 kJ mol 


3)! f the following change(s) in the presence of 


h O 
j which » (More than one correct answer) 
9. st: 


cati city coefficient of the reaction 
velo : 
ge of the reaction 


ergy of activation 


(2 
3) En 
(4) AH 
ti 
The aC 3 
j of this reaction 
) ases With increase of temperature 


of the reaction 
vation energy ofa reaction is zero. The rate constant 


(1) Ince 
( 7) Decre 
3) Decreases with decrease of temperature 
(3 


ases With an increase of temperature 


4) Is nearly independent of temperature 
( 5 


. The rate of a chemical reaction generally increases rapidly 
04, . sae 
even for small temperature rise because of rapid increases 


in the 

(1) Collision frequency 

(2) Activation energy 

(3) Fraction of molecules with energies in excess of the 
activation energy 

(4) Average kinetic energy of the molecules 

196, Ata certain temperature, the first order rate constant k, is 

found to be smaller than the second order rate constant ky 

If E (1) of the first order reaction is greater than E£ (2) of 

the second order reaction, then as temperature is raised: 

(1) k will increase faster than k,. 

(2) k, will increase faster than k, but will always remain 
less than k}. 


(3) k, will increase faster than k, and become equal to k,. 
(4) k, will increase faster than k, and become greater than 
k. 
197. A > B, AH = -10 kJ molt, Ep750 kJ mol!, then £, of 
B > A will be 
(1) 40 kJ mol! (2) 50 kJ mol! 
(3) -50 kJ mol"! (4) 60 kJ mol! 


198, The rate of a chemical reaction generally increases rapidly 


even for small temperature increase because of a rapid 
Increase in 


(1) Collision frequency 


(2) Fraction of molecules with energies in excess of the 
activation energy 


(3) Activation energy 

ia (4) Average kinetic energy of molecules 

Rate constant k = 1.2 x 103 mol"! Ls! and 

E.=2.0 x 102 kJ mol!. When T > œ: 
(1) 4 =2.0 x 102 kJ mol”! 
(2)A=1.2 x 103 mol! Ls? 
3)4=12x10 mol L” s” 
(4) 4 =2.4x 10? kJ mol s”! 


200. 


201. 


202. 


203. 


204. 


205. 


206. 


207. 


208. 


Chemical Kinetics 4.103 
The temperature at which the average speed of perfect gas 
molecules is double than at 17°C is 
(1) 34°C (2) 68°C (3) 162°C (4) 887°C 
A catalyst lowers the activation energy of a reaction from 
20 kJ mol! to 10 kJ mol !. The temperature at which the 
uncatalyzed reaction will have the same rate as that of the 
catalyzed at 27°C is 
(1j-123°C Dare §8=696G) 327°C 1) +23°C 
In a reaction carried out at 500 K, 0.001% of the total number 
of collisions are effective. The energy of activation of the 
reaction is approximately 
(1) 15.8 kcal mol"! (2) 11.5 kcal mol! 
(3) 12.8 kcal mol"! (4) zero 
If a reaction A + B —> C is exothermic to the extent of 
30 kJ mol! and the forward reaction has an activation energy, 
70 kJ mol-', the activation energy for the reverse reaction is 


(1) 30 kJ mol"! (2) 40 kJ mol! 
(3) 70 kJ mol"! (4) 100 kJ mol! 
The rate constant, the activation energy, and the 


Arrhenius parameter of a chemical reaction at 25°C are 

3 0x 10% s! 104.4 kJ mol", and 6.0 x 10!4 s', respectively. 

The value of the rate constant as T —> œ% is 

(1) 2.0 x 1018s (2) 6.0 x 1014 s~! 

(3) œ (4) 3.6 x 10° s~! 

A catalyst decreases E, from 100 kJ mol! to 80 kJ mol". 
At what temperature the rate of reaction in the absence of 
catalyst at 500 K will be equal to rate reaction in the presence 
of catalyst? 
(1) 400 K 


(3)625K 


(2)200 K 
(4) None of these 


Which of the following expressions give the effect of 
temperature on the rate constant? 


(1)InA=RTINE,-Ink (2)hnk=Mm4 =EJRT 

(3) k= AE {RT (4) None of these 

The plot of log k vs 1/T helps to calculate 

(1) The energy of activation 

(2) The rate constant of the reaction 

(3) The order of the reaction 

(4) The energy of activations as well as the frequency factor 


The potential energy diagram for a reaction R > P is given 
below. AH® of the reaction corresponds to the energy 


Potential energy ——> 


Reaction coordinate —> 


209. 


210. 


211. 


212. 


213. 


214. 


215. 


216. 


(1) x (2)y 

(3) 2 (4) œ +y) 

The activation energy for a simple chemical reaction 
A Bis £, in the forward reaction. The activation energy 


of the reverse reaction 

(1) Is negative of £, 

(2) Is always less than E, 

(3) Can be less than or more than £, 

(4) Is always double of E, 

The quantum yield of photosynthesis of 

(1) HCI > HBr (2) HCI < HBr 
(3) HCI = HBr (4) None of these 
The activation energy of reactant molecules in a reaction 
depends upon 

(1) Temperature 

(2) Nature of the reactants 

(3) Collision per unit time 

(4) Concentration of reactants 


The rate constant of a reaction is 1.5 x 10-3 at 25°C and 


2.1 x 10-2 at 60°C. The activation energy is 
35 2.1107 298 x 333 1 
(1) 22 Rlog, = (2) —{ Riog: 
333 15x10" 35 ss 
298 x 333 2.1 


3 "15 


In the Wilhelmey equation of a first order reaction 
e™. If the initial concentration Cy 1s increased 


298 x 333 
276x233 Rigg 21 (4) ——— Ro 
z5 ee 35 j 


Ee 

m times, then 

(1) The value of k will increase m times 

(2) The value of k will decrease m times 

(3) The value of k will remain unchanged 

(4) None of these 

True statement is 

(1) Positive catalyst increases the rate of reaction. 

(2) During the course of the reaction, specific reaction rate 
remains constant. 

(3) Rate constant always increases with rise in temperature 
whether the reaction is endothermic or exothermic. 


(4) All are correct. 
Collision theory is applicable to 
(1) First order reactions (2) Zero order reactions 


(3) Bimolecular reactions (4) Intermolecular reactions 
The wrong statement is 


(1) All the collisions between reactant molecules do not 
lead to a chemical change. 

(2) A zero order reaction proceeds at a constant rate 
independent of concentration or time. 


(3) Fast reactions have low activation energies. 


217. 


218. 


219. 


220. 


221. 


222. 


223. 


224. 


(4) In a first order reaction, the reaction ideally takes fini 
time to be completed. i 

For a reaction, the rate constant is expressed as k= 4¢~40000/7 

The energy of the activation is 


(1) 40000 cal (2) 88000 cal 
(3) 80000 cal (4) 8000 cal 


A reaction takes place in three steps. The rate constant, 
$ 


are k,, k,, and k,. The overall rate constant k = “A If 


ing 2 
E p Ep and £, (energy of activation) are 60, 30, and 10 kj 
respectively, the overall energy of activation is 


(1) 40 (2) 30 

(3) 400 (4) 60 

A reaction rate constant is given by 
-2500 

k= 1.2x10!fe 2T s |. It means 


(1) log k versus log T will give a straight line with a slope 
as 25000. 

(2) log & versus log T will give a straight line with a slope 
as —25000. 

(3) log k versus T will give a straight line with a slope as 
—25000. 

(4) log k versus 1/T will give a straight line. 

An exothermic reaction A —> B has an activation energy 

of 17 kJ per mole of A. The heat of the reaction is 40 kJ. 

Calculate the activation energy for the reverse reaction 

B>A. 

(1) 60 kJ (2) 57 kJ 

Ky 403 kyo < 1, then 

(1) Rate increases with the rise in temperature 

(2) Rate decreases with rise in temperature 

(3) Rate does not change with rise in temperature 


(4) None of these 


(3) 75 kJ (4) 90 kJ 


A catalyst only 

(1) Decreases activation energy 

(2) Increases activation energy 

(3) Both (1) and (2) 

(4) Comes to equilibrium 

The free energy change due to a reaction 1s Zero when 
(1) The reactants are initially mixed 

(2) A catalyst is added 

(3) The system is at equilibrium 

(4) The reactants are completely consumed 


In a multistep reaction such as A + B — Q — C. The potential 
energy diagram is shown below. What is £, for the reaction 
Q-C? 


Energy 


— Reaction coordinates —> 


3 keal mol”! (2) 5 kcal mol"! 
ae al mol! (4) 11 keal mol! 
4. 224 which statement is true? 
ys pee on A+ B—— Q is faster. 
Reaction Q —> C is faster. 
3 Reaction in (1) and (2) are equal. 
4) Unpredictable. | 
„y, Given the following two mechanisms, one with catalyst and 


ne other without catalyst. 
i A+ B— C 


(slow) 
i, C+B—>F+A (fast) 
ï. B+B—> F (slow) 


Which mechanism uses the catalyst and what is it? 


(1) Step (i), A (2) Step (ii), B 
(3) Step (iii), F (4) Steps (1) and (i1), C 
77. The mechanism for the overall reaction is 
A B= > C 
A,—> 2A (slow) 
2A + B—> X (fast) 
Ifa catalyst D changes the mechanism to 
4,+D—>AD (slow) 
AD—>2A+D (fast) 
2A+B—>C 
(fast) 


Which is the rate expression for the reaction with and without 
a catalyst? 
(I)r=k[A,\[D], r= kA] 
(2)r=KAJ, r= k [AJD] 
3)r= K [AD], r= k{A,][B] 
(4)r=HA,J[B], r= KAD] 
28. Which of the following statement is correct? 
(1) For reaction xX — yY 
Rate = ldx = dy 
xdt dt 
(2) The parameter, rate constant, and specific reaction rate 
have different meaning. 
(3) For any reaction the value of specific reaction rate is 
independent of the initial concentration of reactants. 
5 (4) = Ey + Een B o 
- A chemical reaction occurs as a result of collisions between 


reacting molecules. Therefore, the reaction rate is given by 
(1) Total number of collisions occurring in a unit volume 
per second. 


(2) Fraction of molecules which possess energy less than 
the threshold energy. 


230. 


231. 


232. 


233. 


234. 


235. 


236. 


237. 


(3) Total b - o Chemical Kinetics 4.105 
otal number of effectiv n Tae 
e collis 
(4) None of these ions. 


oe effective collisions, the colliding molecules 
(1) Acertain minimum amount of energy 

(2) Energy equal to or greater than threshold 

(3) Proper orientation 

(4) Threshold energy and proper orientation both 


The rate of reaction increases by the increase of temperature 
because 


(1) Collision frequency is increased. 
(2) Energy products decreases. 


(3) Fraction of molecules possessing energy > E (threshold 
energy) increases. 


(4) Mechanism of a reaction is changed. 


Which of the following explains the increase of the reaction 
rate by catalyst? 


(1) Catalyst decreases the rate of backward reaction so that 
the rate of forward reaction increases. 


(2) Catalyst provides extra energy to reacting molecules so 
that they may produce effective collisions. 

(3) Catalyst provides an alternative path of lower activation 
energy to the reactants. 


(4) Catalyst increases the number of collisions between the 
reacting molecules. 


Burning of coal is represented as C(s) + O(g) > CO,(g). 
The rate of this reaction is increased by 

(1) Decrease in the concentration of oxygen 

(2) Powdering the lumps of coal 

(3) Decreasing the temperature of coal 

(4) Providing inert atmosphere 

The rate of a certain reaction increases by 2.3 times when 
the temperature is raised from 300 K to 310 K. If & is the 


rate constant at 300 K, then the rate constant at 310 K will 
be equal to 


(1) 2k (2)k (3) 2 
For the reaction: 


3k (4) 3 


LP) 


[Cr(H,0),}*+[SCN®] — [Cr(H,O), NCSP*H,O 

The rate law is: r = k{Cr(H,O),}**[SCN®]. 

The value of k is 2.0 x 10° L mol! s! at 14°C and 
2.2 x 10° L mot! s* at 30°C. What is the value of E? 
(1) 26 kcal mol"! (2) 2.6 keal mol! 

(3) 2600 kcal mol! (4) 260 kcal mot! 

It is generalized that a 10°C increase in temperature causes 
the rate of reactions to double. Applied to a reaction at 
295 K, what is the value of E? 

(1) 120 kcal mol ! 


(2) 1200 kcal mol"! 
(3) 1.2 kcal mol! 


(4) 12 kcal mol"! 
rhe activation energy for the forward reaction X —> Y is 


60 kJ mol! and AH is -20 kJ mol-!. The activation energy 
for the reverse reaction is 
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: -1 ; 
(0 “0 kJ mol i (2) 60 kJ mol"! 247. Mark the correct statement in a reversible reaction 
(3) 80 kJ mol (4) 20 kJ mol"! (1) A catalyst catalyzes the forward reaction. . 


3 7 ; l , 
238. What specific name can be given to the following sequence (2) A catalyst catalyzes the backward reaction 


of steps: 

Hg + hv > Hg* 

Hg* + H, > H,* +Hg 
(1) Fluorescence 


(3) A catalyst influences a direct and a reverse ia 
the same extent. 10N to 


(4) A catalyst increases the rate of forward reaction 
and 


(2) Phosphorescence decreases the rate of backward reaction. 


(3) Photosensitization (4) Chemiluminescence 248. Which of the following statements regarding catalyst is a 
239. In fire flies the flashes are produced due to the slow true? . | 

combustion of a protein luciferin in air and moisture. The (1) A catalyst remains unchanged in composition ang 

phenomenon is known as quantity at the end of the reaction. 

2) A catalyst can initiate a reaction. 
(1) Photochemical change (2) y Saa 
: (3) A catalyst does not alter the equilibrium in a r ; 
(2) Photocombustion , eversible 
A reaction. 
(3) Chemiluminescence (4) Catalysts are sometimes very specific in respect of 
(4) None of these reaction. 
249. An example of autocatalytic reaction is 


240. The activation energy for a hypothetical reaction A> X 
is 12.49 kcal mol`!. If temperature is raised to 305 from 


295 K. the reaction rate increased by 0.002 kcal K~! mol! 
is almost equal to 
(1) 60% 


(1) Decomposition of nitroglycerine 
(2) Thermal decomposition of KCIO, and MnO, mixture 


(3) Breakdown of '4C, 
(4) Hydrogenation of vegetable oil using nickel catalysts 


A catalysts is used 

(1) Only for increasing the velocity of a reaction 
(2) For altering the velocity of a reaction 

(3) Only for decreasing the velocity of a reaction 


(2) 50% 
(3) 100% (4) Unpredictable 

241. The activation energy for most of the reaction is 
approximately 50 kJ mol-!. The rate for temperature 


coefficient for such reaction will be 


250. 


=2 2) = 
o ap o 3 h @) <I | hi i TORNE (4) All (1), (2), and (3) are correct 
di ara ta follewinig theoryis nobiclieo eee 251. The oxidation.of oxalic acid by acidified KMnO, is an 
a example of autocatalysis. It is due to which of the following? 
(1) Collision theory (2) Absolute theory 
(1) SO, (2) MnO,” 
(3) Absolute reaction rate (4) VSEPR theory 4 4 
(3) Mn?* (4) K® 


243. Phosphorus undergoes slow combustion and glows in dark. 
The process is called 
(1) Photochemical change (2) Chemiluminescence 


For the first order reaction A ——> B + C, carried out at 
27°C. If 3.8 x 107! % of the reactant molecules exists 
in the activated state, the Æ, (activation energy) of the 


252. 


(3) Flourescence (4) Phosphorescence kari 
‘ , . a reac : 
244. The efficiency of an enzyme in catalyzing a reaction 1s due PATERE 
to its capacity (1) 12 kJ mol (2) 831.4 kJ mol 


(3) 100 kJ mol (4) 88.57 kJ mol 


Which graph shows zero activation energy? 


wf J ot bS 


—> Reaction —> Reaction 


\ 


—> Reaction 


(1) To form a strong enzyme-substrate complex. 
(2) To decrease the bond energy of all substrate molecules. 
(3) To change the shape of the substrate molecule. 
(4) To lower the activation energy of the reaction. 
When KCIO, is heated, it decomposes into KC] and O,,. If 
some MnO, is added, the reaction goes much faster because 
(1) MnO, decomposes to give O). 
(2) MnO, provides heat by reacting. 
(3) Better contact is provided by MnO,,. 
(4) MnO, acts as a catalyst. 
246. A catalyst 
(1) Increases the free energy change in the reaction 
(2) Decreases the free energy change in the reaction 
(3) Does not increase or decrease the free energy change in 
the reaction 


(4) Can either increase or decrease the free energy change 
depending on what catalyst we use 


253. 


245. 


E 
(4) f 


—> Reaction 


s place throug? 
wn in the giv” 


o A 


E 
of 


A homogeneous catalytic reaction take 
the three alternative plots 4, B and C sho 


254. 


‘ch one of the following indicates the relative 
qoute: ih which the reaction can take place? 
ease W A 


Energy 


Reaction course 


(2)C>B>A 
(4) 4=B=C 


The mechanism of esterification in presence of acid 
catalyst (H,SO,) is proposed as follows: 


(yA> Bre 
gyA>CcrB 


155. 


0 a l k E se T 
+H® (fast) (slow) k, 
don = CH,CO—H == CH,—C—O-H 


_H® (fast) © 
(I) k! (II) (fast) k, H—Q—C 2H, 
(IIT) 


(fast) |} (fast) 


k, k, 


CHC 


Which of the following potential energy Vs reaction CO- 
ordinate diagram is consistent with given mechanism? 


(2) PE. 


256. 


257. 


258. 


259. 
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(3) P.E. 


LC 


For first order parallel reactions k, and k, are 4 and 2 min! 
respectively at 300 K. If the activation energies for the 
formation of B and C are respectively 30,000 and 38,314 
joule/mol respectively, the temperature at which B and C 
will be obtained in equimolar ratio is: 


(1) 757.48 K (2) 378.74 K 
(3) 600 K (4) None of these 
A hydrogenation reaction is carried out at 500 K. If the 


same reaction is carried out in the presence of a catalyst at 
the same rate with same frequency factor, the temperature 
required is 400 K. What is the activation energy of the 
reaction, if the catalyst lowers the activation energy barrier 
by 16 kJ/mol? 

(1) 100 kJ/mol 


(3) 60 kJ mol 


(2) 80 kJ/mol 
(4) None of these 
, -E 
For reaction Ad ——» B, rate constant ky =A,e@ ae) 


and for the reaction XY ——» Y, the rate constant 


~Eay (RT 
k = Ae @2" If 4 = 108, 4, = 10! and 
Ea = 600 cal/mol, E,,= 1800 cal/mol, then the 
temperature at which k, = k, is (Given: R = 2 cal/K-mol) 


(1) 1200 K (2) 1200 x 4.606 K 
1200 600 
(3 —— K / ee S 7 

) 4.606 4) i 


4.606 


The rate constant for two parallel reaction were found 
to be 10 dm? mol! s~! and 4 x 102 dm? mol! s-!. If 
the corresponding energies of activation of the parallel 
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reaction are 100 and 120 kJ/mol respectively, what is the 
net energy of activation (E) of A ? 


(1) 100 kJ/mol (2) 120 kJ/mol 
(3) 116 kJ/mol (4) 220 kJ/mol 


260. A reaction takes place in various steps. The rate constant 


for first, second, third and fifth steps are k}, k,, k, and k, 
respectively. the overall rate constant is given by 


-) \1/2 
p-a 
k3 ks 
If activation energy are 40, 60, 50 and 10 kJ/mol 
respectively, the overall energy of activation (kJ/mol) is: 


(1) 10 (2) 20 


(3) 25 (4) None of these 


Rate expression and Rate of Reaction 


1. Ina reaction 2X + Y—— X.Y, the reactant X will disappear 
at 
(1) Half the rate as that of disappearance of Y 
(2) The same rate as that of disappearance of Y 
(3) Twice the rate as that of appearance of X,Y 
(4) Twice the rate as that of disappearance of Y 

2. In acidic medium, the rate of reaction between BrO,° and 
Br® is given by the expression 


me = K{BrO,°][Br°][H®? 


(1) The rate constant of the reaction depends upon the 
concentration of H® ions. 

(2) The rate of reaction is independent of the concentration 
of the acid added. 

(3) Doubling the concentration of H® ions will increase the 
reaction rate by 4 times. 

(4) The change in pH of the solution will affect the rate of 
reaction. 


3. For a gaseous reaction: A(g)—> B(g), the rate expression 
may be given as 


d 
ay 4A) _ pay (2) -22a = HAY 
| dP, dP 
Oe is 4) -=P 
RT dt HAT a ae? [Fal 


4. The rate of formation of C,H, + 3H, == CH), for the 
b 


forward reaction is first order with respect to C,H, and H, 
each. Which one of the options is/are correct’? 


(1) ka =— (2) k [Ceh] 
| ) tea TC Hela 


(3) n, = AA C,H, J[H,] (4) r, = k [CH MH) 


5. Which of the OOS statements is/are correct? 

(1) For the reaction N, (g) + IMG 2NH 
certain conditions of temperature and parti 
of the reactants, the rate of formation 
0.001 kg h™!. The rate of conversions of H 
same conditions is 0.0015 kg hr!. 

(2) The rate law for the reaction 
RCI + NaOH(aq) —— ROH + NaCl 
is given by, rate = k,[RCI]. The rate of the reaction Wi 
be halved on reducing the concentration of alkyl aa 
to one half. ig 

(3) The rate of the reaction in part (2) increased , 
decreasing the temperature of the reaction. i 


(4) The rate of chemical change is inversely proportional to 
the concentration at that instant. 


6. Select the correct statement(s): 


3(8) under 
al Pressure 
a NH, is 
2 Under the 


(1) The rate of reaction decreases with decrease jin 
temperature 


(2) The rate of reaction is uniform in zero order reaction 


(3) The rate of reaction depends upon the surface area of 
the solid reactants 


(4) Average and instantaneous rate of reaction defined for 
micro and marcoscopic time interval respectively. 


7. Select the correct statement(s): 


(1) Every substance that appears in the rate law of reaction 
must be a reactant or product in that reaction 


(2) If we know the rate law of a reaction; we can deduce 
its mechanism 


(3) It the reaction has rate r= k [A][B}°” then reaction may 
be elementary 


(4) A zero order reaction must be a complex reaction 


8. Consider a reaction A + B — C, in which both reactans 
are in the same phase. The reaction may be 


(1) Unimolecular elementary reaction 
(2) Exothermic 

(3) Heterogeneous 

(4) Photochemical 


Order and Molecularity of a Reaction 


: > cecond 
9. Taking the reaction, A + 2B —> Products, to be of secon 


order, which of the following is/are the correct Tale law 
expression(s)? 
dt dt 
2 
(3) & L KLAJLB] (4) & _ [A] + hB 
dt dt 


10. Which of the following statement(s) is/are correct? 
(1) Zero order reactions are complex reactions. 


(2) A reaction having first order may be either elem 
or complex reaction. 


entary 


. d 
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; action having second order reaction must have 
~ ie 


4 molecular ity =? 


„ction with molecularity = 2 must be a second order 
yy Are 


l reaction. 
ch of the following reaction(s) is/are of the first order? 


\ 1C ee n e E T s 
l. \ he d ecomposition of ammonium nitrate in an aqueous 


solution. 
5) The inversion of cane sugar 1n the presence of an acid. 


( cidic hydrolysis of ethyl acetate. 


(3) The a 


4) All radioactive decays. 
which of the following isomerization reactions is/are of the 
}. 


” grst order? 
(1) Cycloprop 
» cis-But-2-ene —> Trans-but-2-ene 


3) Vinyl allyl ether —— Pent-4-enal 


ane —— Propane 


4) CH,NC—> CH,CN 
, Which of the following is/are examples of unimolecular 


reactions? 
(2) a =m ES YG 
(3) NO + 0 NO, + O, 
(4)0+NO +N, —> NO, +N, 
14, Which of the following is/are examples of pseudo 
unimolecular reactions? 
@ 
(1) CH,CO,C,H, + H,O ——> CH,CO,H + C)H,OH 
HÊ 
(2) C2H0; + H,O ——> C6H1206 + C6H1206 


(Glucose) (Fructose) 


(3) CH,COCI + H,O —> CH,CO,H + HCI 


(©) 
(4) CH,CO,C,H, + H,O —>— CH,CO,H + C,H;0H 
15. Which of the following statements is/are correct? 


(1) The rate of the reaction involving the conversion of 


(Ha) y, P? 


ortho-hydrogen to parahydrogen is — 

(2) The rate of the reaction involving the thermal 
decomposition of acetaldehyde 1s k{CH,CHO}?”. 

(3) In the formation of phosgene gas from CO and Cl,, the 
rate of the reaction is k{CO}[C,]"”. 

(4) In the decomposition of H,O,, the rate of the reaction is 
K{H,O,]. 

16. Select the Correct statement 

(1) Units of rate constant (k’) for 
reaction, when order of reaction | 
of reaction is two ,represents a secon 
i.e., L mol”! t! 

(2) Units of rate constant (k | 
reaction when O.R = 1, but molecular! 
3, represents a third order reaction i.e., L 


pseudo unimolecular 
s one but molecularity 
d order reaction 


‘\ for pseudo unimolecular 
ty of reaction = 
2 mol? rl. 


(3) Unit of rate constant (k’) for pseudo bimolecular 
reaction, when O.R. = 2, but molecularity = 3, 
represents a third order reaction i.e., L? mol? c'. 


(4) Unit of rate constant (k’) for pseudo bimolecular 
reaction when O.R = 2, but molecularity of reaction = 
4, represents a fourth order reaction i.e., L? mol? r!. 


Mechanism of Reaction 


17. The rate expression for the reaction: 


NH,CNO == NH,CONH, can be derived from he 


mechanism: 

i. NH,CNO == NH,NCO (Fast) 
2 

ii. NH,NCO—*> NH, + HNCO (Fast) 

iii. NH, + HNCO—*> NH,CONH, (Slow) 


Which of the following statement(s) is/are correct about the 
rate expression? 
d 
(1) mal kk INH, NCO) 
dt k, 
d 
j= ‘is Nu ,NCO] 
dt kjk, 


d 
(3) = = k{NH,NCO] 


(4) freag = rs [NH,NCO] 
Et Et Et 
18. H Ha + OH —>H on + on 
Me Me Me 


I Il 
Which of the following statements is/are correct? 


(1) It is unimolecular nucleophilic substitution reaction Sy 1 
if I or II is formed. 


(2) It is bimolecular nucleophilic substitution reaction S2 
if I or I] is formed. 


(3) It is Sy if I and is enantiomer are formed so that the 
mixture is racemic. 


(4) It is S2 if H is formed. 
Experimental Determination of Order of Reaction by Various 
Methods, Half Life and Average Life) 


19. A reaction is 10% complete in 5 min and 50% complete in 
25 min. Which of the following is/are correct? 


(1) Order of reaction is one. 

(2) Order of reaction is zero. 

(3) Reaction will be complete in finite time. 
(4) Reaction will be complete in infinite time. 


20. The correct statement(s) are 


(1) Order of a reaction is an experimental property. 


a> ee 
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nge in experimental Graphical Method for the Determination of order of Reas ~ 
l es cti 

25. Which of the following is/are correct about the first i 

Order 


(2) Order may change with cha 
conditions. 

(3) Molecularity concerns with mechanism while order reaction? 
concerns with kinetics. 


(4) A reaction taking place by bimo 
always be of second order. 


lecular collision must 


21. For zero order reaction which is (are) true? 


(1) The rate constant is dimensionless. 
(2) Amount of the reactant remains the same throughout. 


(3) fi © initial concentration of the reactant. 
(4) A plot of concentration ofreactant vs time is a straight. 


line with slope equal to —k. 
22. In a 1% order reaction, amount of the substance left (2) 


after n half lives and average life of a 1t order reaction 


respectively are 


Concentration 


[4o] 1 (2) hl, 1.441, 


(1) 2, — 
2 k 
[4] 1 (3) Half life depends on temperature. 

(4) Rate constant is directly proportional to temperature. 


[4] 
The correct nature of plot for first order reaction is (are): 


n2 
26. 
Which of the following relationship(s) are correct for 1* 


23. 
order reaction ? 
(1) ts% = 2ti2 (2) ty 5% Hn 
(3) b96 87% = 412 (4) to 90% = Mtr 
24. The bromination of acetone that occurs in acid solution is 


respresented by 
CH,COCH,(aq) + Br (aq) > CH,COCHBr,(aq) + HBr(aq) 


Given: 
| Exper- | Initial concentration, M | Initial rate 
iment | Disppearance 
| ~ | of Br,, Ms"! 
1 [Br,] | [CH,COCH,] t (AY + 27. Which of the following stat t t correct? 
1 0.050 | 0.30 | 0.050 | 5.7 x 10° | l JA plotofi j A 5 aa g — S 
+ (0) ¢ 
2 |0.10 | 0.30 0.050 | 5.7 x 10° agai eae 
4 | (2) A plot of log k versus 1/T is nonlinear. 
3 0.10 | 0.30 0.10 | 1.2x 104 4 <i lume 
te ja ERP (3) A plot of log P versus 1/T is linear at constant volume. 
4 0.050 | 0.40 [0.20 |3.1x10% (4) A plot of P versus 1/V is linear at constant temperature 
28. Which of the following graphs represents zero order if 


Based on the above data, which does not represent rate 


law are: A P 
dx \ _ At t=0 => [A] 
(l (z = @72 
) A KCH,COCH;J[Br,][H®] po 
dx 
(2 (2 = k{CH,COC ® A] 
) =| [CH,COCH,] [H®] ay fî D gA 0 
i 


) = k{CH,COCH,][Br, ] 
t —> 


(4) (=) = k{CH,COCH,][Br,][H®] 
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f the following plots are correctly made for the 


r which 0 


-eaction nA 


a (2) (Al KO 


| ——= (A), if it obeys first order reaction? 


Al 
(Var 


t—> t—> 


| aK Í 
GA Oe 


t —> [A]—> 


30. A certain reaction A > B follows the given concentration 
(Molarity)-time graph. Which of the following statements 


is/are true? 
0.5 


o 20 40 60 80 100 
Time (sec) —> 


(1) The reaction is second order with respect to A. 
(2) The rate for this reaction at 20 s will be 7 * 103 M s”. 
(3) The rate for this reaction at g0 s will be 
1.75 x 102 M s”. 
(4) The [B] will be 0.35 M at t = 60 8. 


k, sec! -— 
31. For the reaction A — ^ B following graph is given, 


2 sec 


1= 4x 10° sec. Which is/are correct statement(s) 
(In 2 = 0.7, In 8/7 = 0.14) 


time (in sec) —— > 


(1) Equilibrium constant is 4.0 


(2) Time taken for the completion of 50% of equilibrium 
conc. of B is 14 sec. 


(3) Time taken for the completion of 10% of initial conc. 
of A is 2.8 sec. 


(4) Rate constant of backward reaction is 10" 2 sec! 


Energy of Activation, Effect of Temperature and Catalyst 


32. Which of the following statement is (are) correct? 


33. 


34. 


35. 


36. 


(1) Rate of reaction « VE, 

(2) At lower temperature increase in temperature causes 
more change in the value of k. 

(3) k= Ag FeRt 

(4) None of these 


In a hypothetical reaction X — Y, the activation energy for 
the forward and backward reactions is 15 and 9 kJ molt, 
respectively. The potential energy ofX is 10 kJ mot. Then 


Plot of t; VS- concentration 

(1) The heat of reaction is 6 kJ. 

(2) The potential energy of Y is 16 kJ. 

(3) The threshold energy of the reaction is 25 kJ. 

(4) The reaction is endothermic. 

The rate constant of a reaction is given by k=2.1 x 10” 

exp(—2700/RT). It means that 

(1) log k versus 1/T will be a straight line with 

—2700 

2.303R 

(2) log k versus 1/T will be a straight line with intercept on 
log k axis = 2.1 x 10". 

(3) The number of effective collisions are 
2,1 x 10! cor? s*, 


(4) Half life of the reaction increases with increase of 
temperature. 


slope = 


Which of the following relations are correct if AH represents 
only magnitude? l 


(1) Exothermic reactions: Æp + AH = Ew) 
(2) Endothermic reactions: £p = Ex) t AH 
(3) Exothermic reactions: AH > E; 

(4) Endothermic reactions: AH < E} 


Which one is correct according to the collision theory of the 
rate of reaction? 


(1) The threshold energy level is a characteristic of reaction. 
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(2) The energy of activation decreases with rise in (4) A negative catalyst increases the “nergy of activation 
temperature. 43. Fora first order reaction, l 
(3) The energy of adsorbed activated complex is lower than (1) The degree of dissociation is equal to (1 — en, 


simple activated complex. (2) A plot of reciprocal concentration of the rea | 


` . cta . 
(4) The energy of activated complex (both activated or gives a straight line. ntvs time 


adsorbed) is higher than reactant or product. (3) The time taken for the completion of 75 


37. According to the collision theory, most molecular collisions thrice the 4, of reaction. 
do not lead to reaction. Which of the following is/are 
necessary for collisions to successfully lead to reaction? 
(1) The total kinetic energy of the collision must be greater 

than some minimum value. 


0 P 
% reaction is 


(4) The pre-exponential factor in the Arrhenius equation ha 
the dimension of time, T! i 
44. Which of the following statement(s) is/are correct? 
(1) The rate constant for the reaction 
2N,0, —> 4NO, + O,, is 3.0 x 10% s-!, If the rate js 
2.40 x 1075 mol L~! s~!, then the concentration of N 0 
= 0.8 mol L~!. oo 


(2) In the Arrhenius equation, k = A exp(—E/RT), A may be 
termed as the rate constant at very low temperature. 


(2) A catalyst must be present at the collision. 
(3) The colliding particles must be properly oriented in space 
when they collide. 
(4) None of these 
38. Identify the true statement(s). 


(1) A catalyst is chemically unchanged at the end of a (3) If J is the intensity of absorbed light and c is tiie 


ea concentration of AB for the photochemical Process 
(2) Acatalyst may appear in the kinetic rate equation of the AB + hy -> AB*, the rate of formation of AB* is directi, 
reaction. 


proportional to £. 
(3) A catalyst will not affect the composition of an 


ca (4) The rate constant, the activation energy, and the 
equilibrium mixture. 


Arrhenius parameter of a chemical reaction at 25°C 


(4) A catalyst cannot cause a non-spontaneous (AG > 0) are 3.0 x 104s"!, 104.4 kJ mot, and 6.0 x 1014 st 
reaction to proceed. respectively. The value of the rate constant as T > x js 
39. Rate constant k varies with temperature by equation 6.0 x 10! st. 
log k (min!) = log 5 — 2000 kcal Ne can conchide thai 45. The distribution of molecular kinetic energy at two 
RT x 2.303 temperatures is as shown in the following graph: 
(1) The pre-exponential factor A is 105. 


(2) E, is 2000 kcal 
(3) E, is 9.12 kcal 
(4) The pre-exponential factor A is 5 
40. The basic theory behind Arrhenius’ equation is that 
(1) The number of effective collisions is proportional to the 
number of molecules above a certain threshold energy. 
(2) As the temperature increases, so does the number of 
molecules with energies exceeding the threshold energy. 


with a particular energy 


Relative number of molecules 


(3) The rate constant is a function of temperature. 


(4) The activation energy and pre-exponential factor are 
always temperature independent. 


41. In Arrhenius equation, k= A exp (2) Amay beterimed Which of the following conclusions is/are correct? 
as the rate vonsiani at RT (1) The number of molecules with energy E, or greater is 
(1) Very low temperature proportional to the shaded area for each temperature. 
(2) Very high temperature (2) The number of molecules with energy Æ, or less iS 
(3) Zero activation energy Proportional to the shaded area for each temperature. 
(4) The boiling temperature of the reaction mixture (3) The number of molecules with energy £, is the mean of 
42. Select the correct statement(s). all temperatures, 
(1) The order of a reaction may be changed with change in (4) The graph follows the Maxwell-Boltzmann energy 
the experimental conditions. distribution law, 
(2) The rate of reaction, either exothermic or endothermic, 46. In which of the following ways does an activated complex 
both decreases with decrease in the temperature. differ from an ordinary molecule? 
(3) A reaction mixture thermodynamically stable should be (1) It is quite unstable and has no independent existence. 


kinetically unstable. (2) A,H® is probably positive. 


~~ che system has a greater vibrational character. 
3 she system has no vibrational character. 
(4) 


hl — ; 
P f reaction increases significantly with increase in 
e P . 

e Generally, rates of reactions are doubled for every 
mperature. Temperature coefficient gives us an idea 


pre 

oC rise inte . . ` . 

| ithe change in the rate of a reaction for every 10°C change 
pou 


a 
in remperatur’: 


Temperature coefficient (u) = 


ension Type 


Rate constant of (T +10)°C 
Rateconstant at T°C 


| penis gave an equation which describes rate constant k as a 


sinc tion of temperature 

p= de ERT 
shere k is the rate constant, A is the frequency factor or pre- 
fial factor, E, is the activation energy, T'is the temperature 


exponen . a 
in kelvin, and R is the universal gas constant. 


pqustion when expressed in logarithmic form becomes 


a 


2.303RT 

1. For a reaction E, = 0 and k = 3.2 x 108 s~! at 325 K. The 
value of k at 335 K would be 
(1) 3.2 x 108 s”! (2) 6.4 x 108s! 
(3) 12.8 x 108 s~! (4) 25.6 x 108s! 


log k= log A - 


1, For which of the following reactions k31/k300 would be . 


maximum? 
(1)P+Q—>R; E, = 10kJ 
(22)E+F—> D; E =21 kJ 
(3) A+B —> G; E, = 10.5 kJ 
(4) L+M—>N; E,=5kJ 
3. Activation energies of two reactions are E, and E; with 


E > Eʻ. If the temperature of the reacting systems is 
increased from T, to T, (k' is rate constant at higher 


temperature). 
ETE ke E E 2 
042 aet pit HAT L 
ee Pk ey Oh h kh h 
4. For the given reactions, following data is given 
l —2000 
P>Q k, = 10'° exp (2) 


—1000 
C>D k= 10! exp( 
Temperature at which k, = k, 1s 
(1) 434.22 K (2)1000K (3) 2000 K 


Paragraph 2 

eo $,0,- + 332 — > 250, 

a respect to persulphate and io i 
Concentrations as a and b, respectively, and taking x as | e 

“ONcentration of the triodide at time t, a differential rate equation 


an be written. 


(4) 868.44 K 


+ 1°, is of first order 
dide ions. Taking the 
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Two suggested mechanisms for the reaction are: 
I. S,0,2>+1° == SO,I° + S0, (fast) 
1° + SO,I° 4 I, + S0, (show) 
12 +1, —2+ 1,° (fast) 
Il. S,0,2 +1° —L+ S,0; I (slow) 
5,0,3- —2> 280,2 + I? (fast) 
J® + 19 —-» I, (fast) 
LAR —t_» 1,° (fast) 


5. The general differential equation for the above reaction is 


(1) g = kja - x] [b - 3x] (k> 0) 
dt 

(2) < =—k[a—x][b-3x] (k> 0) 

(3) & =Ma -x] [b-x] (k> 0) 
dt 


(4) Z ha-a] [b-x] (k> 0) 


6. For the reaction I, + 2S8,0,7 — S40 ae 


-d{ly]__ 1 d{S,03"] 


I. 

dt 2 dt 
y Mla d{S,0;" ] 

dt dt 

a © a 

y, wale. AE, ASO 

dt dt dt 
py, Sse] _ 1 alt] 

dt 2 dt 
The correct option is 
(1)OnlyI (2)TandIV (3)TandIV (4) Only M 
Paragraph 3 


Consider the reaction represented by the equation: 
CH,Cl(g) + H,O(g) —> CH,OH(g) + HCl(g) 


These kinetic data were obtained for the given reaction 
concentrations: 


Initial conc (M) _Initial rate of disappearance 
[CH,Cl] [HO] of CH,CIl(Ms") 

0.2 0.2 l 

0.4 0.2 2 

0.4 0.4 8 


7. The rate law for the reaction will be 
(1) r= A[CH,CIN[H,0] (2) r= &[CH,CIP[H,O] 
(3)r=A(CH,CN[H,OP (4) r=k(CH,CIP[H,O} 


8. o with respect to [CH,Cl] will be 


(2) 1 (3) 2 4)3 
9. Overall order of the reaction will be 
(1)0 (2) 1 (3) 2 (4) 3 


y aN 


B 
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10. Unit of rate constant will be Paragraph 5 = -e ee 


-1 2 2 I 
(1) S | (2) L4 mols In the start of summer, a given sample of milk turns Sour at r 
(3) L mol”! s~! (4) mol L~! s~! temperature (27°C) in 48 hours. In a refrigerator at 2°C miles 
Il. If H,O is taken in large excess, the order of the reaction will be stored three times longer before it sours. a 
bë 16. The activation energy of the souring of milk is (kJ mol! 
Ai (2) 0 (3) 4 (4) 2 (1) 30.210 (2) 30.146 (3) 30.0 (4) 35.126 
17. The time taken by the milk to sour at 37°C 
Paragraph 4 (1)35.2hr (2)32.5hr (3) 35.3 hr (4) 32.3 hr 
For the reaction: aA + bB —> cC + dD 18. Calculate the rate constant at 310 K, when rate constant at 
e . 5 ' a 
dx _ -1 d[A]_ -1 d{B] 1a{C] 1 d{D] A E 
Rate = —=— += St LLM (1) 2.363 x 105 (2) 2.4 = 105 


at a at b at c at d at 
12. For reaction 3BrO° —> BrO,° + 2Br®, the value of rate 


(3) 2.450 x 10° (4) 3.123 x 105 
Paragraph 6 


© i 
constant at 80°C in the rate law for — d[BrO™ ] wasfound A collision between reactant molecules must occur with a 
t certain minimum energy before it is effective in yielding product 
to be 0.054 L mol! s"!. The rate constant (4) for the reaction molecules. This minimum energy is called activation energy £ 
d[BrO,°] Larger the value of activation energy, smaller the value of rate 
in terms of = is constant k. Larger is the value of activation energy, greater is the 
effect of temperature rise on rate constant k. 
(1) 0.018 L mol"! s7! (2) 0.162 L mol"! s7! 
(3) 0.036 L mol! s7? (4) None of these 
13. The rate of formation of SO, in the following reaction f 
2SO, + O, —> 2S0, is 100 g min™!. Hence, the rate of 
disappearance of O, is 58 
(1) 2 g min” (2) 20 g min” S 
(3) 200 g min”! (4) 50 g min”! Š 
S 
A 


14. A reaction follows the given concentration-time graph. The 
rate for this reaction at 20 s will be 


Collision number ———> 


E, = Activation energy of forward reaction 
E, = Activation energy of backward reaction 
AH= EE 
E,= Threshold energy 

19. If a reaction A + B —> C is exothermic to the extent of 
30 kJ mol! and the forward reaction has an activation energy 
of 249 kJ mol! the activation energy for reverse reaction 
in kJ mol! is 


Molarity ——> 


b a ao 66 “eo {06 (1) 324 (2) 279 (3) 40 (+) 100 
Time (s) ———> 20. For the following reaction at a particular temperature, 
. according to the equations 
(1)47107°Ms! (2) 1 x 102 M s7! 2N,0, —> 4NO, +0, 
(3)27 102M g! (4)7 x 103 M s7! J o 
15. In the following reaction, AN J% PN: 
xA— > yB The activation energies are £ , and £,, respectively. Then 
dt _ dt (3) E, = 2, (4) JEE? =1 
— ae sign indicates rate of disappearance of the 21. Ina hypothetical reaction A—> B, i activation energies 
jag a a ae hap for the forward and backward reactions are 15 ahe 
i 9 kJ mol`!, respectively. The potential energy of A 1s 


10 kJ mol". Which of the following is wrong? 


‘A 
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A threshold energy of the reaction is 25 kJ. 
4) The sotential energy of B is 16 kJ. 

A The heat of reaction 1S 6 KI, 

i The reaction 18 exothermic, 


-two reactions, activation energies are £, and £; rate 
( 


1). ky and k, at the same temperature. Ifk, > ky, 


° constants are 


DEn? a2 (2) Ba = Bap 

DEn Ee (4) En = En 

The rate constant of a certain reaction is given by 
91, ` 
o pe det 


(where 4 = Arrhenius constant). Which factor should be 
jowered SO that the rate of reaction may increase? 


(1) T (2)Z 
(3) A (4) E, 
14, The activation energies for forward and backward 


actions in a chemical reaction are 30.5 and 45.4 kJ mol! 
respectively. The reaction is 


(1) Exothermic 
(2) Endothermic 
(3) Neither exothermic nor endothermic 
(4) Independent of temperature 
Paragraph 7 
The order of reaction is an experimentally determined quantity. It 


may be zero, positive, negative, or fractional. The kinetic equation 
of mth order reaction is 


1 1 1 
kx = _ IM IMMM . 
! (n—1) z BE ai A s 


Half life of nth order reaction depends on the initial 
concentration according to the following relation: 


in® (il) 


| The unit of the rate constant varies with the order but general 
lation for the unit of nth order reaction is 


n-] 
Unit of k = | | xTime! . (iii) 
Conc 
E The differential rate law for nth order reaction may be given 
dx = . 
d K{A]" (iV) 
W 
tere A denotes the reactant. 


25 . . 
- The unit of rate and rate constant are same for 
(1) Zero order reaction (2) First order reaction 


(3) Second order reaction (4) Half order reaction 


26. The rate constant for zero order reaction is 


(1) k= (2) k= 
2t t 
(3) k= n O— (4) k= 
2t C, 


where c, and c, are concentrations of reactants at respective 
times. 


27. The half life for a zero order reaction equals 


28. For a reaction: 
12 + OCIS —> IO® + CI? 
in an aqueous medium, the rate of the reaction is given by 
d{io°} _ , (I [OC1°] 
dt r 
[OH] 
The overall order of the reaction 1S 
(1)-1 (2) 1 (3) Zero (4) 2 
29. In a chemical reaction A——> B, it is found that the rate of 


the reaction doubles when the concentration of A is increased 
four times. The order of the reaction with respect to A is: 


(1) 0 (2) 5 (3) 1 (4)2 


Paragraph 8 
A secondary alkyl halide (A) hydrolyzes with alkali (B) in aqueous 
medium simultaneously via S,1 and S2 pathways with rate 


constants k, ana k, respectively. From kinetic data, it was found 
oa vs [B] is straight line with a slope equal 
[A] dt = 
to 2.7 x 104 L mol! min and intercept equal to 1.02 x 10°. 
Minim initial concentration of [A] = 0.2 M and [B], i.e., 
[OH] = 0.5 M. 
30. The value of overall rate constant of the hydrolysis of 
A (in L mol`! min`’) is l 
(1) 2.7 x 104 
(3) 1.29 x 10° 


that a plot of = 


(2) 1.02 x10 
(4) None of these 


31. The initial rate of consumption of isopropyl chloride 
(in M min!) is 


(1) 0.2 x 10° (2) 2.3 x 10° 
(3) 2.31 x 104 (4) 2.31 x 103 
Paragraph 9 


If a unimolecular reaction, A(g) —> Products, takes place 
according to the mechanism ° 


k 
l A+A == A*+A 


I. A* —— P 


D =e 
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where k,, k_,, and k, are the rate consta 
for product molecule, normal molecules 


nts and P, A, and A* stand 
of reactants and activated 


molecules of reactants respectively. 
32. Which of the following expressions are correct? 


1) TAT a taP— A A*A] -k FA" 


2 
— g- AMAP 
=0 3) [A*] = 
Oa i k, [A] +k 
(4) All of the above 


33. Which of the following statements are correct? 


(1) At high pressure of A, i.e., high concentration of A, 


reaction obeys first order kinetics. 


(2) At low pressure of A, reaction follows first order kinetics. 
(3) The rate of reaction depends on both steps at all pressures. 


(4) All of the above statements are correct. 


Paragraph 10 


34. 


35. 


36. 


37. 


Two consecutive irreversible first order reaction can be 
represented by 


k k. 
4 —— B — C 
The rate equation for A is readily intergrated to obtain 
k,[ A] 


[A], = [A], s efi ; and [B], = ie -g Pi 
k -kı 


When k, = 1s"! and k, = 500 s~}; select appropriate graph 


(1) z 
t (sec) t (sec) 
j C, g (BI, 
(3) é (Bl, (4)6 (I, 
C, [A], 
1 (sec) t (sec) 


If k, and k, both are almost same then which graph in the 
above question is most suitable? 


(1) Graph J (2) Graph 2 

(3) Graph 3 (4) Graph 4 

Select the correct statement for given reaction: 
(1) A decrease linearly 

(2) B rises to a maximum and then constant 
(3) B rises to a maximum and then falls 


(4) The slowest rate of increases of C o 


maximum ccuring where B is 


At what time will 


B be . ; 
concentration? present in maximum 


ki l k 
(1) (2) In—t 
ky —ky k-k, 7 
l | 
3 In — (4) None of these 
( ) ky -= k ky 


Paragraph 11 


An important parameter of a photochemical reaction is the 
qunatum efficinency or quantum yield () which is defined ag 


38. 


39. 


moles of the substance reacted 
-moles of photons absorbed 


Absorption of UV radiation decompose acetone according 
to the reaction 


(CH,),CO —™» C,H, + CO 


If quantum yield is 0.8 then rate of formation of CH, 
(mol/s) is: 

(1)2 x108 (2) 1.6 x 10° 

(3) 16 x 10? (4) 8 x 10° 

The quantum yield of a reaction at A = 330 nm is 0.4. 


A sample of acetone absorbs monochromatic radiation at 
à = 330 nm at the rate of 7.2 x 10° Js! 


(Given: N, = 6 x 1073 ; h = 6.6 x 10-4 in S.I. unit). The 
rate of formation of CO(mol/s) is: 


(1) 2 x 108 (2) 8 x 10° 
(3) 8 x 10° (4) None of these 


Paragraph 12 


Two competing irreversible first-order reaction are shown 


k 
A —= C 
k> 
A — D 
where the stiochiometric coefficients are taken as unity. 
The rate law is 


(aa 
dt 
> [A] = [Aly e (Al +k yet 


For C, we have 


=~ k [A] - k [A] =- (k, +4) [A] 


d[c] 
Fa k [A] =k, [A4] etin) . 


Multiplication by dt and integration from time 0 (where 
[C], = 0) to an arbitary time ¢ gives 


a kil A] 
C= S20) lkk) 
[C] ees (L— etka )ry 


Similarly, integration of (42 gives 
dt 


[D] -flA 4 = e (Ai +k2 yt 
kı + k> 


The sum of the rate constants k, + k, appears in me 
exponentials for both [C] and [D]. 
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[C] _ k where a= initial concentration of the reactant and b= initial 
tany time we also have DI ky pressure of the reactant. 
. A 
Wa ing initially with only ‘X, ratio x, Column I Column II 
i i — ; 
' Ne iii [Y], +[Z], (Kinetic equation) (Unit of rate 
eZ constant) 
| a1) ah 
| 1) [Alo ( 
l 
= — AE 
0 e" =i ti (a-x) (a) a 


3) Depends upon initial concentration of ¥ 
(3 


oa 
a 
Qa 
1 Ja 
x 
SS 
= 
© 
- 
3 
| 


dent of time 
(4) Indepen 
, 7B E BS $ 
1 
x _ 2303 oe 2 al aig 
fl. SNe t(a—b a(b-x 
Nc L al ae — a 


Starting with pure A ratio of rate of production of B to C 
IS: 
(1) Independent of time ia ac sal 


(2) Independent of mechanism of reaction 


against ¢ in —k/2.303 

(3) Depends upon initial concentration of 4 ioe order 
reaction 

(4) Independent of temperature = 

OB «| log(a — x) is -| Slope = 2k v. | Intercept = 1/a 
k, plotted against | 
4. ASE staring initially with only A, which of the t in first order 
3C reaction 
E n c.| (a—x)! is . | Slope = —k w Intercept = 1/a? 
following is correct at time £1 | plotted against (when log | 
2 t in second is natural) | | 
(1) [A] = 3 [4], + [B], + [C], order reaction E 
d. (a - x)? is Slope =—k | x. Intercept = loga 
(2) [4] = [4], + 2[8], + 3[C], | | plotted against } | 
a „IC [Ch | | tin second 
3) [4], = =[A],+ = 3 order reaction 
4, i 
(4) [4], = [4], + [B 1,+(C), Column I 
(First order reaction) 
Matrix Match Type {| 


This section Contains questions each with two columns—I and II. 


t a. | [A] versus time 
the items given in column I with that in column II. 


dA) 
a ersus [A] 


SAIS Physical Chemistry 


a. E (Ð p- -10 kJ moi A 
AN versus time r b. | E (b) | q. | 40 kJ mol! | 
at i | 
| =) AH i r. | 30 kJ molļ-! | 
| E d. E Threshold 8S. 50kJ mol"! 
i 7. 
d. log [A] versus time S. | Column I Colma i 
.| Ester + NaOH —> . | k= Ae ERT 
— L | Alcohol + Salt = 
S. .| 2H,0,;, — 2H,0 + O, | q. i 
| | 7 
o| č 
| | | mae i—> 
a.) 12 P |4 =2 xip A r — 
| | c.| 2NH, —? N, + 3H, |r. | Rate 
order 
) —a > | j 


Time 
T | idles E O eee A 
b. ti 1G: |b4=2* tn d. Sucrose + H,O i S- fiz =x mutes 
| Glucose + Fructose at a consant 
temperaure at any 


| time of the reaction 


da E, sl |  Columni ` Coum II 
j ° Sj = R i . 
1 we a. Sucrose in aqueous solution p. Bimolecular 
î | _ of dilute acid is hydrolyzed 
| to glucose and fructose. 


Ti 
a <A ec b. n-Propyl bromide in q. Pseudo 
_ ethanolic solution gives unimolecular 
d S. | Lin * Cy = consant : 
4 | ethyl propyl ether f | reaction 
Inc, o] ¢. Benzyl bromide is converted r. Unimolecular 
| | into benzylthiol via 
_carbocationic intermediate 
Time —> | formation mechanism. — 
t. | Zero order | d.| The reaction: 20, —> 30, | s. | First order 
follows the mechanism. 
a ee l. 0, == O, + O (Fast) 
II. O, + O0 —> 20, (Slow) 
t 40 \ 9, 
Energy | C Eo 
a 30 eee | T Solo 
a.’ Collision theory | pP. | Mol L's"! A 
20 


b.| Zero order reaction q Bimolecular reaction 
) ` ` f i a = 

n| Photochemical reaction r.. Fractional 
f +H = 

d. Intercept (in Arrhenius s. | In A 
Progress of reaction —,» plot) 


l 
l 
l 
l 
l 
l 
l 
l 
l] 
<a 


e. Order of reaction t.| Zero order reaction 


L 
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pseudo molecular reaction 
s 


4 pseudo unimolecular reaction: 
Das eee 
ıs order kinetics, molecularity of reaction = 2. 


“example :- Hydrolysis of ester 


H® 
RCOOR' + H,O — —> RCOOH + R'0H | 
remains nearly constant during the course of 
55M. Rate constant (k) = 1.1 x 103 1 


—_—___ 


+ Pseudo unimolecular reaction: 


|“ order kinetics, molecularity of reaction = 3, 


Example :- Preparation of esters from anhydride and alcohol. 


(RCO),0 + 2 KOH ——> 2 RCOOR' + 


H,O 
(Solvent) 


[Solvent] 
[R'OH] 


Pseudo bimolecular reaction: 


2"4 order kinetics, molecularity of reaction = 3 


Example :- Saponification of ester. 


H,O] (i,e. 
reaction and [H,0] = 


Units of rate constant 
(k') for pseudo 
a ae reaction 


L? mol} s~! 


0.2 x 104 


solvent) 


remains nearly constant during the course of reaction and 
= 10 M. Hypothetical rate constant (k) =2.0 x 104 s7! 


e Tg in 


RCOOR' + NaOH m RCOONa + R'OH | 
[H,O] (i,e,.solvent) remains nearly constant during the course of | 
Teaction and [H,O] = 55 M. Hypothetical rate constant (k) = 1.1 x | 
10° L mol”! s-i AA 
d Pseudo bimolecular reaction: s |0.2x 10° | 
2™* order kinetics, molecularity of reaction = 4 | 
Example:- Hypothetical reaction: | 
A+B + 2C (solvent) ——> P +Q | 
[Solvent] remains nearly constant during the course of reaction and | | 
[solvent] or [C] = 10M. | | 
Hypothetical rate constant (k) = 2.0 x 105 L mol! g~! i 


10. The correct combination for the pseudo reaction with 
molecularity = 2 is: 
(1) a—ii—p (2) a—iii—p 

(4) a—1—_t 

IL. The correct combination for the pseudo reaction with 
molecularity = 3 is: 

(1) b—ii—p (2) b—iii—s 
(3) b—i—q (4) b—iii—q | 

12. The only incorrect combination for pseudo bimolecular 

reaction with molecularity = 3 is: 


(3) aii 


4 (1) a—ji—p (2) oe 
l (3) c—iii—q es l 
13. The correct combination for pseudo bimolecular reaction 
p with molecularity = 4 is: : 
| (1) diy ee 
í (4) d—iiis es 


a || 


1. The half-life period of a radioactive element is 40 days. If 
32 g of this element is stored for 160 days, calculate the 


weight of the element that would remain in gram. 


. If one starts wth 1 Curie (Ci) of radioactive substance 


(tia = 15 hr), the activity left after a period of two weeks 
will be about 0.02 WCi. Find the value of x, 

- If 80% of a radioactive element undergoing decay is left 
Over after a certain period of time z from the start, how many 


such periods should elapse from the start for Just over 50% 
of the element to be left over? 


© 
Hydrolysis of an alkyl halide (RX) by dilute alkali [OH] 


takes place simultaneously by SN2 and SN! pathways. 


p [Ee > eee 
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10. 


A plot of a es vs [OH] isa straight line of the 
[RX] di i 

slope equal to 2 x 10° mol! L h! and intercept equal to 

1 x 102 h!. Calculate the initial rate (mole L | min!) of 


consumption of RX when the reaction is carried out taking 


1 mol L~! of RX and 0.1 mol L~! of [OH] ions. 


. Following is the graph between log /,,. and log a (a initial 


concentration) for a given reaction at 27°C. 


log a 


Find the order of reaction. 


For the reaction A——> Products, it is found that the rate of 


reaction increases by a factor of 6.25 when concentration of 


A increases by a factor of 2.5. Calculate the order of reaction 
with respect to A. 

In the case of a first order reaction, the time required for 
93.75% of reaction to take place is x times that required for 
half of the reaction. Find the value of x. 

For the reaction NO, + CO — CO, + NO, the experimental 
rate expression is —dc/dt = k{NO,}°. Find the number of 
molecules of CO involved in the slowest step. 

Following are two first order reactions with their half times 


given at 25°C. 


1/2 =30 min 


A ——2= M > Products 


B —i2= 0m, Products 

The temperature coefficients of their reaction rates are 
3 and 2, respectively, between 25°C and 35°C. If the above 
two reactions are carried out taking 0.4 M of each reactant 
but at different temperatures: 25°C for the first order reaction 
and 35°C for the second order reaction, find the ratio of the 
concentrations of A and B after an hour. 

Consider the following statements for a second order 
reaction and score of each statement. 


2A—P 


JEE MAIN 
Single Correct Answer Type 


1. 


The half-life period of a first order chemical reaction is 
6.93 min. The time required for the completion of 99% of 
the chemical reaction will be (log 2 = 0.301) 

(1) 230.3 min (2) 23.03 min 


(3) 46.06 min (4) 460.6 min 
(AIEEE 2009) 


12. 


13. 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


Archives 


2. 


[Ses . 
[Ag] j | 
all 1+ki 3 


b.| A plot of 1/[A]? vs time will be straight line | 2 
¢. Half life is long when the concentration is low) | 


Find the total score of the correct statements. 

Two substances A(f,,. = 5 min) and B (t= 15 min) follow 
first order kinetics and are taken in such a way that initial 
[A] = 4[B]. The time after which the concentration of bos 
the substance will be equal is 5x min. Find the value of y 
The initial concentrations of both the reactants of a second 
order reaction are equal and 60% of the reaction gets 
completed in 30 s. How much time will be taken in 20%, 
completion of the reaction? 

A second order reaction requires 70 min to change the 
concentration of reactants from 0.08 M to 0.01 M. The 
time required to become 0.04 M = 2x min. Find the value 


of x. 

For the reaction: 

H, + Cl, = 2HCIl 

taking place on water. Find the order of reaction. 

What is the order of reaction for which rate becomes half 
if volume of the container having same amount of reactant 
is doubled? Assume gaseous phase reaction. 

The half-life period of a reaction, becomes 32 times when 
reactant concentration is doubled. The order of reaction is 


A straight line was obtained on plotting log Ž vs. 
t 


log (a — x)” with an intercept on og( =) axis to 0.48. 
dt 


The rate constant for the reaction is in litre?! mol! r’ 
If the rate of reaction is 2.0 x 10% mol L~” st ar 50°C 
and 1.6 x 10-2 mol L~! s~! at 80°C, then what will be the 


temperature coefficient of the reaction? 
—>B 


~ 


The half lives of two paralleel path reaction 4— ( 


are 5 hrs and 20 hrs respectively. The average half-life for 
the decay of A is 


A reaction occurs in ‘n’ parallel paths. For each path havus 
nE and rate constant 


The time for half-life period of a certain reaction, a? 
products is | h. When the initial concentration of the 
reactant A is 2.0 mol L-!, how much time does it take for 
Heconcentrationtinconedom0s0to025 moll. + à 


energy of activation as E, 2E, 3E, 
K, 2K, 3K, ...., nK respectively. If E p =3.66 E then n I$ 


S e 


a zero-order reaction? 
(1) 4h 
(3) 0.25h 


(2) 0.5 h 


(4) 1h (AIEEE 2010) 


D:N 


vy 


WV 


| 


| 
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; “der “er the reaction, 
, cots , H,8(aq) — SG) + 2H*aq) + 2CI-(aq) 
cl,(4 e equation for this reaction is, 
ra 
me = k{Cl,] [H3S] 


Rate = 
wich of these mechanisms is/are consistent with this rate 


a, as —> Ht + Cl + Cl* + HS- (slow) 
4 siis — H+ + CF +S (fast) 
HS — Ht + HS” (fast equilibrium) 
oe ct + HS —> 2Cl + H+ + S (slow) 
4) (i) only (2) Both (I) and (II) | 
(3) Neither (I) nor (II) (4) (D) only (AIEEE 2010) 
A reactant A forms two products 


A _4_, B, Activation energy E 


A— 
If E, = 2E, then k, and k, are related as 


(1) ky = 2k, E 02) k, =k, e™"T 
(3) y=, en (4) k= Ak, eT 
(AIEEE 2011) 
5, The rate of a chemical reaction doubles for every 10°C rise 
of temperature. If the temperature is raised by 50°C, the rate 
of the reaction increases by about 
(1) 10 times (2) 24 times 
(3) 32 times (4) 64 times (AIEEE 2011) 
6. For a first order reaction A — products, the concentration 
of A changes from 0.1 M to 0.025 M in 40 min. The rate of 
reaction when the concentration of A is 0.01 M is 
(1) 1.73x 10-5 M/min (2) 3.47 x 10+ M/min 
(3) 3.47x 10° M/min (4) 1.73 x 10% M/min 
(AIEEE 2012) 
7. The rate of a reaction doubles when its temperature changes 
from 300 K to 310 K. Activation energy of such a reaction 
will be (R = 8.314 JK~! mol"! and log 2 = 0.301): 
(1) 53.6 JK“! mol! (2) 48.6 JK"! mol! 
(3) 58.5 JK“! mol"! (4) 60.5 JK"! mol"! 
(JEE Main 2013) 


_’_¥C, Activation energy E, 


8. For the non-stoichiometric reaction, 
2A +B > C + D, the following kinetic data were obtained 
in three separate experiments, all at 298 K. 

| Initial concer "Initial rate of | 


Initial concen- | Initial concen- 
tration | tration formation of C 
Po ofA of B a 


1.2 x 1047 
1.2 x 10% 


0.1 M 0.1M 


The rate of law for the formation of C is 


h 


a) ==AIB] O L = k[APIB] 


P E j dC _ 
(3) he k[A][B] (4) m k[A] 


(JEE Main 2014) 


9. Higher order (> 3) reactions are rare due to 


(1) low probability of simultaneously collision of all the 
reacting species 

(2) increase in entropy and activation energy as more 
molecules are involved 

(3) shifting of equilibrium towards reactants dug to elastic 
collisions 

(4) loss of active species on collision 

(JEE Main 2015) 


10. Decomposition of H,O, follows a first-order reaction. In fifty 


minutes the concentration of H,O, decreases from 0.5 to 
0.125 M in one such decomposition. When the concentration 
of H,O, reaches 0.05 M, the rate of formation of O, will be: 
(1) 1.34x10-? mol min“! (2) 6.93x107? mol min“! 
(3) 6.93x10~4 mol min"! (4) 2.66 L min at STP 

(JEE Main 2016) 


11. Two reactions R, and R, have identical pre-exponential 


factors. Activation energy of R, exceeds that of R, by 
10 kJ mol". If k, and k, are rate constants for reactions R, 
and R, respectively at 300 K, then In (k,/k,) is equal to: 
(R = 8.314 J mol! K7!) 
(1) 8 

(3) 6 


(2) 12 


(4) 4 (JEE Main 2017) 


12. At 518° C, the rate of decomposition of a sample of gaseous 


acetaldehyde, initially at a pressure of 363 Torr, was 1.00 
Torr s7! when 5% had reacted and 0.5 Torr s~! when 33% 
had reacted. The order of the reaction is : 


(1) 3 (2) 1 


(3) 0 (4) 2 (JEE Main 2018) 


JEE ADVANCED 
Single Correct Answer Type | 


1. For a first order reaction A — P, the temperature (T) 
dependent rate constant (k) was found to follow the equation 
log k= —2000(1/T) + 6.0. The pre-exponential factor A and 
the activation energy E » respectively, are 
(1) 1.0 x 106 s~! and 9.2 kJ mol"! 

(2) 6.0 s and 16.6 kJ mol"! 
(3) 1.0 x 10° s~! and 16.6 kJ mol"! 
(4) 1.0 x 10° s-! and 38.3 kJ mol“! 
(IIT-JEE 2009) 
2. Plots showing the variation of the rate constant (k) with 


temperature (7) are given below. The plot that follows the | 
Arrhenius equation is 


V a 
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(1) (2) 
| ii 
(3) (4) 
T—> ed 


(IIT-JEE 2010) 


3. In the reaction, P+ Q—>R+S 
the time taken for 75% reaction of P is twice the time taken 
for 50% reaction of P. The concentration of Q varies with 
reaction time as shown in the figure. The overall order of 


the reaction 1s 


[Qo 
[Q] 


Time 
(1)2 (2) 3 (3) 0 (4) 1 
(JEE Advanced 2013) 
4. For the elementary reaction MN, the rate of disappearance 
of M increases by a factor of 8 upon doubling the 
concentration of M. The order of the reaction with respect 
to M is 
(1) 4 (2) 3 (3) 2 (4) 1 
(JEE Advanced 2014) 
Multiple Correct Answers Type 
1. For the first order reaction 
2N,0; g)> 4NO,(g) + O,(g) 


(1) The concentration of the reactant decreases exponentially 
with time. 


(2) The half life of the reaction decreases with increasing 
temperature. 


(3) The half life of the reaction depends on the initial 
concentration of the reactant. 


(4) The reaction proceeds to 99.6% completion in 8 half- life 
durations. (HT-JEE 2011) 


2. According to the Arrhenius equation, 
(1) A high activation energy usually implies a fast reaction. 
(2) Rate constant increases with increase in temperature. 


This is due to greater number of co] 
exceeds the activation energy. 


lisions whose energy 


(3) Higher the magnitude of activation energy, stronger į 
$ 

the temperature dependence of the rate constant, 
(4) The pre-exponential factor is a measure of the ta 


, , te at 
which collisions occur, irrespective of their energy 


(JEE Advanced 2016) 


3. In a bimolecular reaction, the steric factor P wa 
§ 


experimentally determined to be 4.5. The correct option(s) 

among the following is(are) 

(1) The activation energy of the reaction is unaffected by 
the value of the steric factor. 

(2) Experimentally determined value of frequency factor iş 
higher than that predicted by Arrhenius equation 

(3) Since P = 4.5, the reaction will not proceed unless an 
effective catalyst is used 

(4) The value of frequency factor predicted by Arrhenius 
equation is higher than that determined experimentally, 


(JEE Advanced 2017) 


4. For a first order reaction A(g) —> 2B(g) + C(g) at constant 


volume and 300 K, the total pressure at the beginning 
(t = 0) and at time ¢ are P, and P, respectively. Initially 
only A is present with concentration [A],, and fi; Is the 
time required for the partial pressure of A to reach 1/3" of 


its initial value. The correct options(s) is (are) (Assume that 
all these gases behaves as ideal gases) 


~> 


Ny 


In (3p — pi) 
P 


Time [Alo 
B E 
| D 
3) £ (4) § 
i= 2 
È 
Time [Alo 


(JEE Advanced 2018) 


Numerical Value Type 


1. The concentration of R in the reaction R > P was measured 
as a function of time and the following data were obtained. 
What is the order of the reaction ? 


2. An organic compound undergoes first order decomposition. 


The time taken for its decomposition to 1/8 and 1/10 of its 


s i : . tis 
initial concentration are tig and tiio respectively. Wha 


the value of [tig] x 10 ? (log, 2 = 0.3) 


1/10 (IIT-JEE 2012) 


aa 


the following reversible reaction, 
\ con Bg) = = = AB(g) 


givation energy of the backward reaction excceds 
eal 
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the reverse reaction, the absdlate value of AG? (in J mol!) 
for the reaction at 300 K is 


(Give; In(2) = 0.7, RT = 2500 J mol"! at 300 K and G is the 
| if the forward reaction by 2RT (in J mol). If the pre- Gibbs energy) 
thi "i eia factor of the forward reaction is 4 times that of (JEE Advanced 2018) 
| Answers Key 
ass 186. (4) 187. (4) 188. (2) 189. (4) 199. (3) 
ae answer Type 191. (1) 192. (4) 193. (1,3) 194. (4) 195. (3) 
gge © i 8) iw Sa 196. (1) 197. (4) 198. (2) 199. (2) 200. (4) 
O a 8. (3) LO l " N 201. (2) 202. (2) 203. (4) 204. (2) 205. (1) 
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Matrix Match Type 
Q.No. a | b € _ f 
| BW | r | pq — 
zl pr | q = 
S 3 | sS PX) SYV — 
4 |r | qt < 
5. | q | pst S = 
L 6. | r | q p => 
T PPS | Pq oo 
o Q PGs pP r, S — 
9. — 


10. (1) 1. (2) 12. (4) 


Numerical Value Type 
I. (2) 2. (9) 3. (3) 
6. (2) 7. (4) 8. (0) 


11. (3) 12. (5) 13. (5). 


16. (6) 17. (3) 18. (3) 


ARCHIVES 
JEE Main 
Single Correct Answer Type 
1. (3) 2. (3) 3. (4) 
6. (2) 7. (1) 8. (4) 
11. (4) 12. (4) 
JEE Advanced 
Single Correct Answer Type 
1. (4) 2: (1) 3. (4) 
Multiple Correct Answers Type 
1. (1, 2, 4) 2. (2, 3, 4) 
Numerical Value Type 


9. (1) 10. (3) 
4, (2) 


3. (2, 4) 4. (1,4) 


1. (0) 2. (9) 3. (8500) 
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Surface Chemistry 


l OVERVIEW 


ydsorption js a phenomenon of attracting and retaining the 
di 7 gth 
es of a substance at the surface of a solid or liquid 


molecu! l 
„ther than in bulk. | 
ate are the molecular species which concentrate at 


she surface. 


The material on the surface of which adsorption takes place 


is called adsorbent. 


4 If the concentration of adsorbate is more on the surface 


with respect to bulk, it is called positive adsorption. If it is 
iess on the surface with respect to bulk it is called negative 


adsorption. 


; Greater the surface area of the adsorbent, greater is the 


adsorption. 


í. Higher the critical temperature of a gas, greater is its 


adsorption. 


Physical adsorption is due to van der Waals forces and 


is reversible. Chemisorption involves the formation of 
compounds on the surface and is irreversible. 


$. At constant temperature, adsorption generally increases 


with pressure. Lower the temperature, greater is the effect 
of pressure. 


9. Freundlich adsorption isotherm is 


Žž pin 
"i (n>1) 


log =] T 
n ogK + - log P logž 


le, plot of log x/m vs log 
P gives a straight line with 


Slope = 1/7 and intercept 
=log K, 


iin — 
Ngmuir adsorption isotherm 1s 


<P 
m 1+bp 4 


w 
here a and b are log” 
Constants, * 


TRAI 
x a aP P => 


A 
Pe of log m/x against 1/P gives a straight line with 
Pe = l/a and intercept = b/a. 


11. 


x/m 


12. 


13. 


14. 


———— = ene Y 
rata Suen 


Adsorption is generally temperature dependent. Most of 


the adsorption processes are exothermic and therefore 
adsorption decreases with increasing temperature. 

Adsorption isobars: A graph drawn between the degree of 
adsorption (x/m) and temperature ( T) ata constant pressure 


of adsorbate gas is known as adsorption isobar. 
P = Constant 


P = Constant 1 


x/m 
T - T - - 
Physisorption isobar Chemisorption isobar 
Adsorption isostere: The plot of temperature versus 
pressure for a given amount of adsorption is called 


adsorption isostere. 


P —> 


Colloids are classified in the following three different ways: 
a. Based on the physical state of the dispersed phase and 
dispersion medium, there are 8 types (except gas in gas) 

b. Based on the nature of interaction between dispersed 
phase and dispersion medium, i.e., as lyophilic and 
lyophobic colloids. 

c Based on the types of particles of the dispersed phase 
i.e., as multimolecular, macromolecular, and associated 
colloids. 

Lyophilic sols are formed by organic substances such as 

starch, gum, proteins, etc, These are reversible. Lyophobic 

sols are formed by inorganic substances such as metals, their 
sulphides, etc. They are irreversible. 

Lyophilic sols are more stable than lyophobic due to their 

preater hydration in the solution. 

Colloidal dispersions of sulphur, gold, etc., are multi- 

molecular. Those of polymers, e.g., satel. cellulose 

proteins, nylon, rubber, etc., are macromolecular while i 

collodal sol of soap in water is associated colloid. 


yo’ 
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15. The aggregate of ions in 
called ionic micelle. The concen 
ionic micelles are formed is ca 
concentration (CMC) and the temperature 
are formed is called Kraft temperature (Tx): 

16. Collodion is a lyophilic colloidal sol of cellulose nitrate in 


ethyl alcohol. . 
17. Conversion of a freshly precipitated substance into 
table electrolyte is called 


colloidal sol by shaking with a sui 
peptization, ©.8., Fe(OH), ppt with FeCl, sol, Agl ppt 
with AgNO, or KI solution. The electrolyte should have a 


an associated colloidal solution is 
tration above which these 
lled critical micellization 
above which they 


common ion. 
18. According to Hardy Schulze rule, greater the valency of 


the oppositely charged ions of the electolyte, faster is the 
coagulation. The coagulating power of the ion is directly 
proportional to the fourth power of its valency. Thus, fora 
negatively charged sol, AL* > Ba2* > Na®. For a positively 
charged sol, [Fe(CN),]* > PO; > sO >Clr 

19. Isoelectric point of colloids: The H® ions concentration at 
which the colloidal particles are neither positively charged 
nor negatively charged (i.e., they are electrically neutral) is 
known as isoelectric point of colloid. 

20. The conversion of a freshly precipitated substance into 
colloidal solution by shaking with a suitable electrolyte is 
called peptization. 

21. The movement of colloidal particles under the influence of 
an electric field is called electrophoresis. 

22. The process of changing the colloidal particles in a solution 
into an insoluble preciptate by the addition of some suitable 
electolytes is known as coagulation. 

23. The minimum number of millimoles of the electrolyte 
required for complete coagulation of one litre of a colloidal 
solution is called its coagulation or flocculation value. 

24. The minimum number of milligrams of a lyophilic solution 
needed to protect 10 mL of gold solution by the addition of 
1 mL of 10% NaCl is called gold number. Protective power 
is the reciprocal of gold number. 

25. The colligative property used to determine the molecular 
masses of colloidal is called osmotic pressure. 

26. The zig-zag movement of the colloidal particles in a colloidal 
sol is called Brownian movement. 

27. The scattering of light by colloidal particles is called Tyndall 
effect. 

28. A colloidal sol is a stable because all the colloidal particles 
in a colloidal sol carry the same charge. 

29. Acolloidal sol can be purified i.e., particles of the crystalloids 
can be separated from it by dialysis or ultrafiltration or ultra- 
centrifugation. 

30. The separation of crystalloids from colloids by diffusion 
through parchment/animal membrane is called dialysis. 

31. Ultra filters are prepared by treating filter paper with 
colloidion or gelation solution followed by hardening with 
formaldehyde. 

32. In ultracentrifugation, the colloidal sol is taken in a tube 
rotated at high speed in ultracentrifuge. Colloidal particles 
settle down, which are separated and mixed with the 
dispersion medium. 


33. Coagulatiot 


a occurs (a) by addition of electrolyte, (b) » 

esis, (c) by mixing oppositely charged sols, (d) 

nd (e) by heating or cooling. 

systems in which both disperseq 

phase and dispersion medium are liquids. These can be of 
(a) oil-in-water type and (b) water-in-oil type. 

35. The process of making emulsion is called emulsification. 

36. To stabilize an emulsion, an emulsifying agent or emulsifier 
is added. Soaps and detergents are most frequently used ag 
emulsifiers. 

37. The most common emulsifiers are soaps. 

38. Milk is an emulsion of oil in water (fats in water) while cog 


liver oil is water in oil. 

39, Presence of soluble soaps as emulsifying agent gives oil-in. 
water type emulsion while that of insoluble soaps results in 
water-in-oil type emulsion. 

40. If on adding an electrolyte to an emulsion, conductance 
increases, it is oil-in-water type. 

41. Latex is colloidal dispersion of rubber particles in water, 

42. The swelling of gel when placed in water is called imbibition. 

43. Some gels on shaking change into liquid which on standing 
again changes into gel. This property is called thixotropy, 

44. A catalyst is a substance which can change the speed of a 
chemical reaction without being used up in the reaction. If 
it increases the speed of the reaction, it is called positive 
catalyst and if it decreases the speed of the reaction. It 
is called negative catalyst. Further, if the catalyst and 
the reactants are present in the same phase, it is called 
homogeneous catalysis but if they are in different phase. it 
is called heterogeneous catalysis. Homogeneous catalysis 
is explained by intermediate compound formation theory 
while heterogeneous catalysis is explained by adsorption 
theory. 

45. Zeolites are aluminosilicates. They form an important class 
of oxide catalysts. On heating in vacuum they lose water 
of hydration and become porous. They are used as shape- 
selective catalysts. 

46. Enzymes are biological catalysts. They are globular proteis 
some of which contain a non-protein component called 
cofactor for their activity. Their main characteristics at 
their specificity, efficiency (even in small amounts) and 
activity at physiological temperature of 37°C and pH of 7.4 
Their action is explained by lock and key model or by hand 
and glove model (also called induced-fit model). 

47, Enzyme-catalyzed reaction takes place in two steps as: 

a. E+S == ES (fast and reversible) 
b. ES—> E +P (slow and rate determining) 
(E is enzyme, S is substrate, and P is product) 

48. Auto catalysis: In certain reactions, one of the products acts 
as a catalyst. In the initial stage, the reaction is slow but as 
SOON a$ the product comes into existence, the reaction rat? 
increases. 

49. Induced catalysis: When one reaction influences the rate 
of another reaction, which does not occur under ordinal 
conditions, the phenomenon is known as induced catalys!$: 

50. Promoters are those substances which when added in sm 
amount with the catalysts enhance the efficiency of catalyst 

51. Poisons are the substances which destroy the activity 0 


catalyst by their presence. 


electrophor | 
by prolonged dialysis, a 
34, Emulsions are colloidal 


J istry deals with the phenomenon that occurs at the 
as che MeS. i ` 
{ave che rerfaces. There are several properties of substances, 
vor CLS o ` : 
) lids and liquids and solids and gases, which depend 


Zz 


GA 
2 
a 


R sally rep! . ~ . 

k we d example, the interface between a solid and a gas may 
vas 

lash. : 


nted by solid-gas or solid/gas. The bulk phases that we 

` grin surface chemistry may be pure compounds or solutions. 
agder in SE f , 

p ce is normally a few molecules thick but its area depends 


. penrese 


»jpterta 
all caofitie article of bulk phase. Many important phenomena, 
ape size ; 
i sael ectrode processes, heterogeneous catalysis, corrosion, 
al jonon solid or on solution surface, colloidal properties, etc., 
all > s 
yh iiig surface effects which are useful to understand many 
memg 


„scal and chemical properties of the substances. 
rvs 


The subject of surface chemistry has many applications in 
„asiy. analytical work, and daily life situations. In this chapter, we 
al be studying some important features of surface chemistry such 
adsorption, catalysis, and colloids including emulsions and gels. 


5.2 ADSORPTION 


{dsorption is essentially a surface phenomenon. There are several 
amples which reveal that the surface of a solid has the tendency 
“attract and retain the molecules of the phase with which it comes 
= contact. These molecules remain only at the surface and do 
“penetrate deeper into the bulk. For example, when a small 
ount of finely divided charcoal is put into a vessel containing 
: 2. it is observed that the pressure of the gas first rapidly and 
“i gradually decreases. The decrease in pressure of the gas is 
To the accumulation of gas on the surface of charcoal. Figure 
- 0ws adsorption of a gas at the solid surface. 


ve O O © o Adsorption 
Sr Oo 
ONO Oi 6 1S 8 A a of gas 
l 0S" molecules 
Solid 


Fig. 5.1 Adsorption of a gas at the solid surface 


f wie sie of attracting and retaining the molecules 

by desing He : surface rather than in the bulk of a solid or 

Nae jg erat ighet concentration of the molecules on the 

The adsorption, 

“laa, seca or substance which concentrates or 

which do acc 1s termed adsorbate and the material on the 
ption takes place is called adsorbent ( Fig. 5.2), 

= Adsorbate 

S (gas or solute) 
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Fig. 5.2 Adsorbent and adsorbate 
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The adsorbent may be solid or a liquid and the adsorbate 
may be a gas or a solute in some solution. 

The adsorption of gases on metal surfaces is called occlusion. 
A few examples of adsorption are as follows: 

a. If a gas such as O,, H,, CL, NH}, or SO, is taken in a 
closed vessel containing powdered charcoal, its molecules 
concentrate at the surface of the charcoal, 1.e., gases are 
adsorbed at the surface. Solids, particularly in a finely 
divided state, have large surface area and therefore charcoal, 
silica gel, alumina gel, clay, colloids, and metals in finely 
divided state act as good adsorbents. 

b. Ina solution of an organic dye, say methylene blue, when 
animal charcoal is added and the solution is well shaken, it 
is observed that the filtrate turns colourless. The molecules 
of the dye, thus, accumulate on the surface of charcoal, i.e., 
are adsorbed. 

c. Aqueous solution of raw sugar, when passed over beds 
of animal charcoal, becomes colourless as the colouring 
substances are adsorbed by the charcoal. 

d. The air becomes dry in the presence of silica gel because 
the water molecules get adsorbed on the surface of the gel. 
It is clear from the above examples that solid surface can hold 

the gas or liquid molecules by virtue of adsorption. The process 


of removing an adsorbed substance from a surface on which it is 


adsorbed is called desorption. 


5.2.1 DISTINCTION BETWEEN ADSORPTION AND 
ABSORPTION 


Adsorption is a phenomenon in which a substance is concentrated 
only at the surface and does not penetrate through the surface 
to the bulk of the adsorbent. On the other hand. absorption is a 
phenomenon in which the molecules of a substance are uniformally 
distributed throughout the bulk of the solid. 

For example, when a chalk stick is dipped in ink the surface retains 
the colour of the ink due to adsorption of coloured molecules while 
the solvent of the ink goes deeper into the stick due to absorption. 
On breaking the chalk stick, it is found to be White from inside. 
A distinction can be made between absorption and adsorption by 
taking an example of water vapour. Water vapours are absorbed 
by anhydrous calcium chloride but adsorbed by silica gel. In other 
words, in adsorption, the concentration of the adsorbate increases 
only at the surface of the adsorbent, while in absorption the 
concentration is uniform throughout the bulk of the solid. 


5.4 Physical Chemistry 


Both adsorption and absorption can take 
also. The term sorption is used to describe both the proc 


Figure 5.3 illustrates adsorption, absorption, and sorption. 


place simultaneously 
esses. 


Á. 
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+ 
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Fig. 5.3 


The important points of difference between adsorption and 


absorption are listed in Table 5.1. 
Table 5.1 Differences between adsorptio 
Absorption 

a. It is a bulk phenomenon, 
i.e. it occurs throughout the 
body of the material. 

b. In this phenomenon, the 
concentration 1s same 
throughout the material. 


n and absorption 


Adsorption 

la. It is a surface phenomenon 

| ìe.. it occurs only at the 
surface of the adsorbent. 

b. In this phenomenon, the 

concentration on the 
surface of adsorbent is 

| different from that in the 

| buk. 

ic. Its rate is high in the 
beginning and then 
decreases till equilibrium 


| is attained. 


Positive adsorption: When the concentration of the adsorbate is 
more on the surface of adsorbent relative to its concentration in 
the bulk, it is called positive adsorption. 

Negative adsorption: When the concentration of the adsorbate 
is less on the surface relative to its concentration in the bulk, it 
is called negative adsorption. For example, in the case of some 
liquid solutions, it is observed that the concentration of the solute 
is less on the surface than in the bulk of the solution. This type of 
adsorption is called negative adsorption. 


c. Its rate remains same 
throughout the process. 


5.2.2 MECHANISM OF ADSORPTION 


Adsorption arises because of the unbalanced forces on the surface 
of the adsorbent (Fig. 5.4). If we consider a solid, it is observed 
that a molecule present in the bulk of the solid is being uniformally 
attracted form all sides by the neighbouring molecules. As a result, 
there is no net pull on this molecule. However, a molecule which 
lies near the surface is being attracted only by molecules below 
it. Therefore, surface molecules experience a resultant downward 
attractive force within the solid. In other words, the surface is under 
strain or tension due to unbalanced forces. As a result, the surface 
of the solid tends to satisfy its residual forces by attracting and 
retaining the molecules of the adsorbate when brought in contact 


with them. The extent of adsorption increases with the increase of 


surface area per unit mass of the adsorbent at a given temperature 
and pressure. This shows that with the increase of surface area, 
the unbalanced attractive forces of the surface are also increased. 


No 
resultant 
force 


—— 


n due to unbala 


Fig. 5.4 adsoeptlo nced forces on the surface of adsorbent 

Another important factor featuring adsorption is the heat 
of adsorption. During adsorption, there Is always a decrease 1 
the residual forces of the surface, i.e., there 1s decrease in surface 
energy which appears as heat. Adsorption, therefore, is invariably 
an exothermic process. In other words, AH of adsorption is always 


negative. When a gas is adsorbed, the freedom of movement 


of its molecules become restricted. This amounts to a decrease 
in the entropy of the gas after adsorption, 1.¢., AS is negative 
Adsorption is thus accompanied by a decrease in the enthalpy 
as well as a decrease in the entropy of the system. For a process 
to be spontaneous, the thermodynamic requirement is that, at 
constant temperature and pressure, AG must be negative, i.e, 
there is a decrease in Gibbs energy. On the basis of equation, 
AG = AH -T AS, AG can be negative if AH has sufficiently high 
negative value as -T AS is positive. Thus, in an adsorption process, 
which is spontaneous, a combination of these two factors makes 
AG negative. As the adsorption proceeds, AH becomes less and less 
negative, ultimately AH becomes equal to T AS and AG becomes 
zero. At this state equilibrium is attained and hence it is called 


adsorption equilibrium. 


5.2.3 TYPES OF ADSORPTION 


Adsorption of gases on solid is mainly classified into two types. 
depending upon the nature of forces which hold the molecules ot 
the adsorbate on the surface of the adsorbent. 
a. Physical adsorption or physisorption 
b. Chemical adsorption or chemisorption 
a. Physical adsorption: If the particles of an adsorbate ar 
held to the surface of the adsorbent by the physical forè 
such as van der Waals forces, the adsorption 1s termed 3 
physical adsorption or physisorption. The attractive forè 
are weak, and therefore, these can be easily overcome either 
by increasing the temperature or by decreasing the pressu. 
In other words, physical adsorption can be easily reversed 
Following are the characteristics of physisorption: 

i. Lack of specificity: A given surface of an adsor 
does not show any preference for a particular gas 
the van der Waals forces are universal. 

ii, Nature of adsorbate: The amount of gas adsorbe! 
by a solid depends on the nature of gas. In gener 
easily liquefiable gases (i.e., with higher critic? 
temperatures) are readily adsorbed as van der Waa" 
forces are stronger near the critical temperatures. © 
| g of activated charcoal adsorbs more sulphur dioxid® | 
(critical temperature 630 K) than methane (critic? 


o d 


ben! 


e 190 K) which is still more than 4.5 mL 


2 mere (critical temperature 33 K). = 5 
1 . : rption 
of sible nature: Physical adsorption of a gas by a — ye bar lbih oe wey eniso a 
ever erally reversible. Thus, a. The forces operating in a. The forces operating 1n 


' solid is 8°" 


J+ Gas —— Gas/Solid + Heat 


soli adsorbed when ji Sa der Waals forces. 

, s is adsor en pressure is increases m ; orpti 
more of 22 ftl oa mere b. The heat of adsorption b. The heat of adsorption 
ņ the volume © the gas decreases (Le-Chatelier’s fe fwe arte ahou is high, viz., about 

as € `a TO . i 5 Liss © yu ` 3 ERA 

inciple) and the gas can be removed by decreasing 20-40 kJ mol | 30-240 kJ mol |. 

F assure- since the adsorption process is exothermic, l l , nds are 
y physical adsorption occurs readily at low c. No compound formation c. Surface compou 
takes place in these cases formed. 


temperature and decreases with increasing temperature 
(Le-Chatelier's principle). 

.. Surface area of adsorbent: The extent of adsorption 
` jncreases with an increase of the surface area of the 
adsorbent. Thus, finely divided metals and porous 
substances having large surface areas are good 
adsorbents. 

Enthalpy of adsorption: No doubt, physical 
adsorption is an exothermic process, but its enthalpy 
of adsorption is quite low (20-40 kJ mol`’). This is 
because the attraction between gas molecules and solid 
surface is only due to weak van der Waals forces. 


Table 5.2 Difference between ph 


these cases are weak van 


desorption of the gas occurs 


by increasing the temperature | 


or decreasing the pressure. 


. This type of adsorption 


decreases with increase 
of temperature. 


. The process is reversible, 1.¢., d. 


e. 


ysisorption and chemisorption 
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these cases are similar to 
those of a chemical bond. 


The process 1S irreversi- 
ble. Efforts to free the 
adsorbed gas give some 
definite compound. 

This type of adsorption 
first increases with increase 
of temperature and then 
decreases. The effect is 
called activated 
adsorption. 


h. Chemical adsorption: When the molecules of the adsorbate | fone P = Constant 
are held to the surface of the adsorbent by the chemical 
bonds. the adsorption is termed as chemical adsorption or x | 
chemisorption. The chemical bonds may be covalent or jj | 
t——> 


ionic in nature. Chemisorption involves a high energy of 

activation and is, therefore, often referred to as activated 

adsorption. This type of adsorption is irreversible. 

Following are the characteristics of chemisorption: 

i High specificity: Chemisorption is highly specific 
and will only occur if there is some possibility of 
chemical bonding between adsorbent and adsorbate. 
For example, oxygen is adsorbed on metals by virtue 
of oxide formation and hydrogen is adsorbed by 
transition metals due to hydride formation. 

ii. Irreversibility: As chemisorption involves compound 
formation, it is usually irreversible in nature. 
Chemisorption is also an exothermic process but the 
process is very slow at low temperatures on account 
of high energy of activation. Like most chemical 
changes, adsorption often increases with rise of 
temperature. Physisorption of a gas adsorbed at low 
temperature may change into chemisorption at a high 
temperature. Usually high pressure is also favourable 
for chemisorption. 

- Surface area: Like physical adsorption chemi-sorption 
also increases with increase of surface arca of the 


A 


Physisorption isobar 
It is not specific in nature 


i.e., all gases are adsorbed 
on all solids to some extent. 


. The amount of the gas 


adsorbed is related to the 
ease of liquefication of the 
gas. 


. The rate of adsorption 


increases with increase in 
pressure of adsorbate. 


f. 


. It forms multimolecular layer. h. 


Chemisorption isobar 


It is specific in nature 
and occurs only when 
there is some possibility 
of compound formation 
between the gas being 
adsorbed and the solid 
adsorbent. 


. There is no such 


correlation. 


It forms unimolecular 
layer. 


. The rate of adsorption 


usually decreases as the 
pressure increases. 


5.2.4 FACTORS AFFECTING ADSORPTION OF GASES 


ON SOLIDS 


. adsorbent. The extent of adsorption of a gas on a solid surface is affected b 
IV, Enthalpy ofa dsorption: The enthalpy of chemisorpuion the following factors: > 
is high (80-240 kJ mol’) as it involves chemical bond a, Nature of gas 
; formati i ifi 
itten, Hon b. Nature and specific area of adsorbent 


: . ti 
adso ton between physical adsorption and chemical 


Effect of pressure 

€ main gi d. Effect of temperature 

In , . perature 
‘some: differences between physical adsorption and chemical 


lo Activation of abs 
nare summed up in Table 5.2. AREORA 


i N 


D o 
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Nature of the Gas 

adsorbed to different extents by the same 
‘ature. The physical adsorption is non- 
adsorbed on the 
wever, under 


liquefable 


Different gases are 


adsorbent at same tempel 
specific in nature and therefore every gas gets 


surface of any solid to a lesser or greater extent. Ho 
itions of temperature and pressure, the easily 
HCl, and NH, are adsorbed more than the 
ws ot O,. This is illustrated in Table 
different gases (reduced to NTP 
at 288 K have been given. 
gases are also included in Table 5.3. 


pP adsorbed by 18 of charcoal 


given cond 
gases such as CO). 
permanent gases such as H,. N 
§ 3 in which the volumes of 
conditions) adsorbed by I g of charcoal 
The critical temperatures of the 


Table 5.3 Volume of gases at NT 
at 288 K 


Gas 


Volume 
adsorbed 


temperature 
(K) 


y be seen that higher the critical 
the amount of that gas adsorbed. In 
asily liquefiable or is more soluble 
This relationship is not surprising 


From the table, it ma 
temperature of a gas, greater is 
other words. a gas which is more e 


in water is more readily adsorbed. 


as the critical temperature of a gas 1s related to the intermolecular 


forces which is an important factor for adsorption too. 


Nature and Specific Area of Adsorbent 


The extent of adsorption of a gas depends upon the nature of 
adsorbent. Most common adsorbents are activated charcoal, 
finely divided metals, and metal oxides (silica gel, aluminium 
oxide. etc.). Each of these have their own adsorption properties. 
The larger the surface area of the solid, the greater would be its 
absorbing capacity. Therefore, the porous and finely divided forms 


of adsorbents absorb large quantities of adsorbate. 


Effect of Pressure 

The extent of adsorption of a gas per unit mass of adsorbent depends 
upon the pressure of the gas. The variation in the amount of gas 
adsorbed by the adsorbent with pressure at constant temperature can 
be expressed by means of a curve termed as adsorption isotherm. 
The extent of adsorption is usually expressed as x/m where x is the 
mass of adsorbate and m is the mass of the adsorbent. The adsorption 
isotherm is shown in Fig, 5.5. 


7 constant 


——— 


Saturation 
pressure 


Amount of gas adsorbed 
— 3x 


O Pressure, P —> P, 


Fig. 5.5 Adsorption isotherm 


punso S mu 
e that the extent of adsorption (x/m) 


oo aie, > figur 
is clear from the 7 . 
It ssure and reaches maximum, corresponding to 


| equilibrium pressure. Since adsorption is ą 
ocess desorption also takes place simultaneously, At 
he amount of gas adsorbed becomes equal to the 
amount of gas desorbed so that the extent of sae becomes 
c J ed 7 
constant even though the pressure 18 increased. This state is algo 
ole » : 
‘on state é ig called saturation pressure. 
called saturation state and P, 18 © : | 
n isotherm: Scientists have explained adsorption in 
al mathematical relations called adsorption 


on types are: 


increases with pre 


pressure Py callec 


reversible pr 
À a 
this pressure (P) t 


Adsorptio 
terms of some empiric 
isotherm. The most comm 
Freundlich adsorption isotherm: In 1909, Freundlich 
gave a mathematical relationship between the quantity of 
t mass of solid adsorbent and pressure at 


gas adsorbed by uni | , 
a particular temperature. The relationship can be expressed 
as: 
x = gpl" (n> I) (0) 195K 
m 
where x is the mass of gas 
adsorbed on mass m of the 
adsorbent at pressure P; K l jaz 
and n are constants which = 
depend on the nature of the 273 K 
adsorbent and the gas at 
a particular temperature. 

P——> 


The relationship is gener- 


ally represented in form 
of a curve where the mass of the gas adsorbed per gram of 


the adsorbent is plotted against pressure (Fig. 5.6). These 
curves indicate that at a fixed pressure, there is a decrease m 
physical adsorption with an increase in temperature. These 
curves always seem to approach saturation at high pressure. 


Fig. 5.6 Adsorption isotherm 


Calculation of K and n of adsorption isotherm 
Taking logarithm of Eq. (1), 

X l 
log — log K +— log P „(11) 

n 

The validity of Freundlich isotherm can be verified >) 
plotting log (x/m) on y-axis (ordinate) and log P on x-axis 
(abscissa). If it comes to be a straight line, the Freundlich 
isotherm is valid, otherwise not (Fig. 5.7). The slope of the 
straight line gives the value of l/n. The intercept on the 
y-axis gives the value of log X. 
F reundlich isotherm explains the behaviour of adsorptio® 
in an approximate manner, The factor 1/7 can have values 
between 0 and | (probable range 0.1 to 0.5). Thus, Eq. (ii) 
holds good over a limited range of pressure. 
From the Freundlich isotherm, the following observation 
can be easily observed (Fig. 5.7): 
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isotherm. This isotherm is based on the assumption that every 
adsorption site is equivalent and that the ability of particle to 
bind there is independent of whether or not nearby sites are 
occupied. In his derivation, Langmuir considered adsorption 
to consist of following two opposing processes: 


i. Adsorption of gas molecules on the surface of the 
solid. 


ii. Desorption of adsorbed molecules form the surface of 
the solid. 


Langmuir believed that eventually a dynamic equilibrium 
is established between the above two opposing processes. 


x He also assumed that the layer of the adsorbed gas was 
“ wer only one molecule thick, i.e., unimoleuclar. Since such 
i ioni i type of adsorption is obtained in the case of chemisorption, 
l : ni icularly well for 
a At low pressure: When — = 1, * = KP, i.e., x/m œ P Langmuir adsorption isotherm works particularly 

i. n m chemisorption. 
which means that am is directly proportional to the The Langmuir adsorption isotherm is represented by the 
pressure. The graph is almost straight line. It follows en 

- st-order kinetics. oe l 
firs x aP (1) 
1 xX 1+ bP 

n i essure: When — = 0, — = constant, whi Me , - 

i, At high pr n m aii where a and b are two Langmuir parameters. At very high 
means that adsorption is independent of pressure. The pressure, the above isotherm acquires the limiting form. 
graph becomes almost constant. This can be expanded as: x a z 

— = — (at very high pressure) ---(11) 
X2 KP!” m P 
E l At very low pressure, Eq. (i) is reduced to 7 
> — =k (+ = ) x/m = aP (at very low pressure) ..-(i1) 
É eK P=] In order to determine the parameters a and b, Eq. (1) may 
7 l J ) be written in its inverse form: 
It follows zero-order kinetics. n ep.) 1 
iii, At intermediate range of pressure: At intermediate z P a į aP sAN) 
range of pressure x/m will depend upon he power A plot of m/x against 1/P gives a straight line with slope 
of pressure which lies between 0 and 1. This can be and intercept equal to 1/a and b/a, respectively. Thus, both 
expressed as: parameters can be determined. 
x_ Kpln The Langmuir isotherm, in the form of Eq. (i) is 
m generally more successful in interpreting the data 
l p S 
where n can take any whole number. than the Freundlich isotherm when a monolayer or a 
unimolecular adsorbed layer is formed. A plot of x/m 
T= Constant 


versus P is shown in Fig. 5.9. 


pee eps At low pressures, according to Eq. (iii), x/m increases 
! m linearly with P. At high pressure, according to Eq. (ii), x/m 
l ! becomes constant, i.e., the surface is fully covered and 
change in pressure has no effect and no further adsorption 
es ! takes place, as is evident from Fig. 5.9. 
| ! Saturation 


FA pressure, Ps 


P cae 


—> 


i, . 
8 Variation of x/m with increase in pressure at constant temperature 
(generat adsorption isotherm) 


b. Langmuir adsorption isotherm: One of the drawbacks 
of the Freundlich adsorption isotherm is that it fails at 
Ugh pressure of the gas. Langmuir derived an adsorption 
'sotherm on theoretical considerations based on kinetic 
theory of gases. This is named as the Langmuir adsorption 


Amount of gas adsorbed 
(x/m) 


Pressure (P) —> 
Fig. 5.9 
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can take place from solutions algo It; 

Tig 


Effect of Temperature 


Adsorption is generally tempe 
exothermic, th 
ndothermic. If the above 


ent. Mostly adsorption 


erefore, the reverse process, 1.€-, 
equilibrium is subjected 


then according to Le-Chatelier’s 


principle, with decrease in temperature adsorption will increase 
and vice-versa. Thus, with the increase in temperature at constant 
pressure, the extent of adsorption (x/m) will decrease. However, 

on as shown in Fig. 5.10(a). 


this is true only for physical adsorpti ne ! : 
In case of chemisorption, the adsorption initially increases with 


rise in temperature and then decreases as shown in Fig. 5.10(b). 
This behaviour 1s expected because, like all chemical 
reactions, some activation energy is required for chemisorption. 
At low temperature, x/m is small. As temperature is increased, 
the molecules of the adsorbate gain energy and become equal 
to activation energy so that proper bonds are formed with the 
adsorbent molecules. Therefore, initially, the amount of gas 
adsorbed increases with rise in temperature. Further increase of 
temperature will increase the energy of molecules which have 
already been adsorbed. This would increase the rate of desorption 


and. therefore, decrease the extent of adsorption. 


rature depend 


processes are 
desorption, is € 
to change in temperature, 


xim —> 
xim —> 


T— T—> 
(a) (b) 


Fig. 5.10 Adsorption isobars for (a) physical adsorption and 
(b) chemical adsorption 


The graph between the extent of adsorption and temp-erature 
at constant pressure is called adsorption isobar. 


Activation of the Solid Adsorbent 


Activation of the solid adsorbent means increasing the adsorbing 
power of an adsorbent. This is usually done by increasing the 
surface area (or the specific area) of the adsorbent which can be 
achieved in any of the following ways: 

a. By making the surface of the adsorbent rough, e.g., by 
mechanical rubbing or by chemical action or by depositing 
finely dispersed metals on the surface of the adsorbent by 
electroplating. 

b. By subdividing the adsorbent into smaller pieces or grains 
No doubt this method increases the surface area but it has 
a practical limitation, that is, if the adsorbent is broken into 
very fine particles that it becomes almost powder, then the 
penetration of the gas becomes difficult and this obstructs 
adsorption. 

c. By removing the gases already adsorbed, e.g., charcoal is 
activated by heating in superheated steam or in vacuum at 
a temperature between 623 and 1273 K. 


The process of adsorption 
observed that solid adsor 
in preference to other so 
charcoal decolourizes impur 


in preference to 


becomes colourless. T 
colour when precipitate 
colour is due to adsorption of 


have been mad 


bents adsorb certain solutes from soluti 
lutes and solvents. For example, sit, 
e sugar by adsorbing colouring i a 

e 


sugar molecules. 

arly, the litmus solution when shaken with charocay 
he precipitate of Mg(OH), attains bh, 
d in presence of Magneson reagent. a 
magneson. The following observatio, 
e in the case of adsorption from solution phase: 
dsorption decreases with an increase in 


Simil 


a. The extent ofa 
temperature. 

b. The extent of adsorption increase 
area of the adsorbent. 
The extent of adsorption depends o 
the solute in solution. 

d. The extent of ‘adsorption 

adsorbent and the adsorbate. 

Freundlich adsorption and Langmuir adsorption isotherms 
have been found to be applicable in the adsorptions from solutions, 
Temperature dependence here also is similar to that for the 
adsorption of gases. However, in place of equilibrium pressure, 
we use equilibrium concentrations of the adsorbates in the solution 


and the isotherms take the form 


s with an increase of surface 
n the concentration of 


depends on the nature of the 


= 1/n . 
mn Kc ...(1) 


Taking logarithms, Eq. (i) becomes 


n 
A graph between x/m and c has been found to be similar to 
one shown for x/m and P for gases on solid (Fig. 5.8). 
From the graph, the values of 1/n and log K can be calculated 
as slope and intercept, respectively. 
Similarly, Langmuir adsorption isotherm may be written as: 


log — = log K + log c 
m 


X ac 


m l+bc 
The parameters of above equations can be determined by 


the method described earlier for adsorption of gases on solids. 


5.2.6 APPLICATION OF ADSORPTION 
The phenomenon of adsorption finds a number of applica 
Important ones are listed below: 

a. Production of high vacuum: The remaining tr 
can be adsorbed by charcoal from a vessel evac 
vacuum pump to give a very high vacuum. 

b. In curing disease: A number of drugs are used to kill 
by getting adsorbed on them. 

c. Froth floatation process: A low-grade sulphide oF 
concentrated by separating it from silica and other ¢ 

P matter by this method using pine oil and frothing agent. 

. Adsor ption indicators: Surfaces of certain precipitate" 
ji as silver halides have the property of adsorbing som" | 
yes such as cosin, fluorescein, etc., and thereby producit? | 
a characteristic colour at the end point. 


tions. 


aces of all 
uated by 4 


germs 


e 1s 


. a = 
atographic analysis: Chromatographic analysis 


chrom he phenomenon of adsorption finds a number of 


|e pased a in analytical and industrial fields. 
ica 


ap change resin: The organic polymers containing 
in jon ach aS -COOH, -S0;,H, and i NH,, etc., possess 

g ty of selective adsorption of ions from solutions. 
the P” are quite useful in the softening of water. 

hese é nts: Surfactants work as emulsifiers in the 
A cture ofemulsion. Emulsifiers work on the principle 


a> 


ngs M m z ~ J ` 
G coal or mixture of adsorbents) is usually used for 


| mines to adsorb poisonous gases, 


= 


cha i 
preathing in coa 


control of humidity: Silica and aluminium gels are used as 
~ agsorbents for removing moisture and controlling humidity 
a 


removal of colouring matter from solutions: Animal 
jarcoal removes colours of solutions by adsorbing coloured 
(S 


— 


—- 


mpurities. 
Heterogeneous catalysis: Adsorption of reactants on 
he solid surface of the catalysts increases the rate of 
action. There are many gaseous reactions of industrial 
importance involving solid catalysts. The manufacture 
of ammonia using iron as a catalyst, the manufacture of 
H.SO, by contact process, and the use of finely divided 
sickel in the hydrogenation of oils are excellent examples 
of heterogeneous catalysis. . 
. Separation of inert gases: Due to the difference in the 
degree of adsorption of gases by charcoal, mixture of noble 
gases can be separated by adsorption on coconut charcoal 
at different temperatures. 


? 


— 


Wta is physical adsorption? 


a Ifthe adsorbate is held on a surface by weak van der Waals 
forces, the adsorption is called physical adsorption. 


“iat is sorption? 


Sa Sorption is the process in which adsorption and absorption 
lake place simultaneously, e.g., dyeing of cotton fibres by 
azo dyes. 


| 


"hy are powdered substances more effective adsorbent than 
ir crystalline forms? 

Powdered substances have greater surface arca as compared 

to their crystalline forms. Greater the surface area, greater 

IS the adsorption. 


| 


°W do size of particles of adsorbent, pressure of gas, a 
Prevailing temperature influence the extent of adsorption O 
48 on a solid? 


NN 
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a. Smaller the size of the particles of an adsorbent, greater 
is the surface area and greater is the adsorption. 

b. Atconstant temperature, adsorption first increases with 
increase of pressure and then attains equilibrium at high 
pressures. 

c In physical adsorption, it decreases with increase of 
temperature but in chemisorption, first it increases and 
then decreases. 


Why physisorption is multi-molecular whereas chernisorption 
is unimolecular? 


Sol. Chemisorption takes place as a result of the reaction 
between adsorbent and adsorbate. When the surface of the 
adsorbent is covered with one layer, no further reaction can 
take place. Physisorption is simply by van der Waals forces. 
So any number of layers may be formed one over the other 
on the surface of the adsorbent. 


Compare the heat of adsorption for physical and chemical 
adsorption? 


‘the order of 80-400 kJ mol!) while the heat of adsorption for 
physical adsorption is low (of the order of 20—40 kJ mol’). 


In the case of chemisorption, why adsorption first increases and 
then decreases with temperature? 


Sol. | Chemisorption involves activation energy. The initial 
increase in chemisorption is due to the fact that the heat 
supplied acts as activation energy and more and more 
molecules of adsorbate gain energy and possess energy 
greater than activation energy. Therefore, adsorption 
increases with increase in temperature. Further increase 
will increase the energy of the molecules absorbed and will 
also increase the rate of desorption. Therefore, the extent of 
adsorption decreases. 


Which will be adsorbed more readily on the surface of charcoal 
and why—NH, or C O,? 


NH, has higher critical temperature than CO,, Le., NH, 
is more liquetiable than CO,. Hence, NH, has greater 
intermolecular forces of attraction and hence will be 
adsorbed more readily. 


Give the expression of Freundlich isotherms. 


x j 
Sol. — = KP!" or log Š = log ie lech 
m n 


m 


a y 


Aora cere 
5.10 Physical Chemistry 
x that of adsorbate, 7 


where m is the mass of the adsorbent anid 


f the gas, and n is an integer. ‘set Four appia riton: 


P is the pressure o 


What is meant by chemical adsorption? 


If the adsorbate is held on the surface of the adsorbent as 
a result of chemical reaction forming surface compounds, 


it is called chemical adsorption. 


What is desorption? 
‘Sok. The process of removal of adsorbed substance is called 
desorption. 


What is occlusion? 


“Sol. The adsorption of gases on the surface of metals is called 
occlusion. 


Explain the following observations. 
a. Sun looks red at the time of sunset. 
b. Rate of physical adsorption decreases with rise in 
temperature. 
c. Physical adsorption is multilayered while chemical 
adsorption is monolayered. 


a. At the time of sunset, the sun is at horizon. The light 
emitted by the sun has to travel a relatively longer 
distance through the atmosphere. As a result, blue 
part of light is scattered away by the particulate in the 
atmosphere causing red part to be visible. 

b. Gas (adsorbate) + Solid (adsorbent) 


Condensation 

Evaporation 
Physical adsorption is an exothermic process. At 
equilibrium as the temperature is increased, by 
Le-Chaterlier’s principle, the equilibrium shifts in the 
backward direction, i.e., adsorption decreases. 

c. Physical adsorption involves van der Waals forces, so 
any number of layers may be formed one over the other 
on the surface of the adsorbent. Chemical adsorption 
takes place as a result of the reaction between adsorbent 
and adsorbate. When the surface of adsorbent is covered 
with one layer, no further reaction can take place. 


Gas adsorbed on solid + Heat 


How is adsorption of a gas related to its critical temperature’? 


‘Sol. Higher the critical temperature of a gas, greater the ease 
of liquefication, i.e., greater the van der Waals forces of 
attraction and hence greater the adsorption. 


a. Heterogeneous catalysis 1s based on the adsorption of 


gases on solid. . . | 
b. Chromatograph is based on differential adsorption, 


c. Charge on colloidal solution is due to selectiy, 
adsorption of common tons on the surface. 

d. Carbon particles from smoke get adsorbed on the surface 
of electrodes of cotterell smoke precipitators. 


200 mL of 0.5 M oxalic acid is shaken with 
arcoal and filtered. The concentration of the 


In an experiment, 


10 g of activated ch i 
filtrate is reduced to 0.4 M. The amount of adsorption (x/m) is 


a. 0.9 b. 1.8 c. 0.180 d. 0.09 


j E Mass of oxalic acid adsorbed by 10 g charcoal 
= 200 x 10° (0.5 — 0.4) x 90 = 1.8 g 
(Mw or oxalic acid = 90 g mol!) 


The amount of adsorption 


x 18 


m 10 


= 0.18 


2.0 g of charcoal is placed in 100 mL of 0.05 M CH,COOH to form 
an adsorbed mono-acidic layer of acetic acid molecules and thereby 


~ the molarity of CH,COOH reduces to 0.49. The surface area of 


charcoal is 3 x 102 m? g`}. The surface area of charcoal adsorbed 
by each molecule of acetic acid is 

acro x10" me b. 1.0 x 107? m? 

c. 1.0 x 1013 m? d. 1.0 x 102 m 


a. CH,COOH adsorbed = 0.5 — 0.49 = 0.01 M 
100 


000 
x 103 =6 x 10" 


Total area of charcoal = 2 x 3 x 102 = 600 m? 
600 
x 107° 


x6 


: Number of molecules adsorbed = 0.01 x 


=1x10°8nr 


= Area per molecule = 


Which of the following statements is not true? 

a. Both physisorption and chemisorption are exothermic. 

b. Physisorption takes place with decrease of free energy 
whereas chemisorption occurs with increase of free energy: 

c€. Physisorption requires low activation energy but 
chemisorption requires high activation energy. 

oe ie agnitude of chemisorption increases and that of 
physisorption decreases with rise in temperature. 


‘on and chemisorption free energy change 


igorption 
“ae chemisorP 
„ate t with decrease 1m temperature 


fe š oer > > fem erature 
, aseS with increase in temp 


p 00% with decrease in the pressure of gas 
r ses j 
f the pressure of gas 


eas 


is dependen! 0 


a h misorption involves high activation energy and 
p Cae 


.oreases tO a maximum value with rise in temperature. 
increas 


two, He and Ne, gets adsorbed on the surface of 


sih of the 
which of l 
+arooal more readily and why? 


ye will get adsorbed to more extent because it has large 
ØY area, therefore, more van der Waals forces of 
stractiOn. Also it is more easily liquifiable as compared to 
ye. More easily liquefiable gases are adsorbed to a greater 


extent. 


sorption, if spontaneous, is exothermic. Explain. 


a Adsorption is accompanied by decrease in entropy, i.e., 
AS=—ve. If it is spontaneous than AG should be negative 
AG=AH-T AS. 

Since AS is -ve (entropy decreases in the process of 
adsorption), AG will be negative, only if AH =-ve, i.e., if 
the process is exothermic. 


cise 5.1 


CONCEPT APPLICATION EXER 


l. Explain the following terms 
a Adsorption  b.Adsorbate € Adsorbent 


ko 


- Discuss the effect of pressure and temperature on the 
adsorption of gases by solids. 

‘ How is the adsorption of a gas related to its critical 
temperature? 

- Derive the following: 
a. Langmuir isotherm b. Freundlich isotherm | 

- Write differences between physisorption and chemisorption. 

‘ Which of the two, adsorption or absorption, is surface 
Phenomenon? 

‘ Why finely divided substance is more effective as an 

adsorbent? 


* Discuss different types of adsorption and their properties. 
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5.3 CATALYSIS 

The substances which alter the velocity of a reaction and them- 
selves remain chemically and quantitatively unchanged after the 
reaction; are known as catalysts, and the phenomenon 1$ known 
as catalysis. 

Catalysts are not consumed in the reaction, hence ve : 
non-stoichiometric quantities are generally required. For examp 4 
when potassium chlorate heated strongly decomposes aed 
giving dioxygen, the decomposition occurs in the temperatur 
range of 653-873 K. 

2KCIO, —> IKCI +30, 

However, when a little of manganese dioxide 1s added, the 
7 y lower temperature 


a: , À 
decomposition takes place at a considerab 
range, i.e., 473—633 K and also at a much accelerated rate. The 


: i to its 
added manganese dioxide remains unchanged with oe S 
mass and composition. Thus, manganese dioxide acts as a ca y 


for the above reaction. 


5.3.1 PROMOTERS AND POISONS 


Promoters are substances that, if present along with a catalyst, 
enhances the activity of a catalyst. For example, in Haber s ie 
for manufacture of ammonia, molybdenum acts as 4 promoter 10T 
iron which is used as a catalyst. 


Fe(s) 
N,(g) + 3H,(8) Mots) ” 2NH,(g) 


Poisons are substances that decrease the activity of a catalyst. 
These substances are called catalytic poisons. For example: 
a. The activity of iron catalyst is destroyed by the presence of 
H,S or CO in the synthesis of ammonia by Haber’s process. 
b. The presence of traces of arsenious oxide (As,O,) in the 
reacting gases reduces the activity of platinized asbestos 
which is used as catalyst in contact process for the 
manufacture of sulphuric acid. 


ry small 


5.3.2 TYPES OF CATALYSIS 


Based on the type of catalytic reactions, catalysis is of following 
types: 
a. Positive catalysis: If a catalyst increases (accelerates) the 
rate of a reaction, it is called a positive catalyst and the 
phenomenon is called positive catalysis. 


Positive catalyst increases the rate by lowering the activation 
energy of reaction. A catalyst provides an entirely new path 
for the reaction in which a newly activated intermediate 
complex of lower potential energy is formed. 


This means that the catalyst provides a new pathway of 
lower activation energy. Consequently, the fraction of the 
total number of collisions possessing lower activation energy 
is increased and hence the rate of reaction also increases. 
Figure 5.11 gives an energy diagram which depicts the effect 
of a catalyst on the activation energy. The solid line shows 
the path for uncatalyzed reaction and the dotted line shows 
the path adopted by catalyzed reaction. 


ee TE E 


E, of uncatalyzed 
reaction 


Uncatalyzed path 


Catalyzed path 


Energy ——> 


` eg 
Reactants 


Products 


Reaction path——> 
Fig. 5.11 Comparison of activation energies of a catalyzed and an uncatalyzed 
reaction 
Some examples of positive catalysis 
i. Decomposition of H,O, in the 
platinum 
Pt 
2H,0,(1) ——> 2H,O(I) + O,(g) 


ii. Hydrogenation of vegetable oil in the presence of 


are as follows: 
presence of colloidal 


nickel | 
Vegetable oil(1) + H,(g) __Ni(s)_, Ghee(s) 


iii. Formation of methane in the presence of nickel 


CO(g) + 3H,(g) MS CH,(g) + H,0(g) 


iv. Oxidation of sulphur dioxide in the presence of nitric 


oxide 


2S0,(g) + O(g) — 22 , 280,(g) 


b. Negative catalysis: If a catalyst decreases (retards) the 
rate of a reaction, it is called negative catalyst and the 
phenomenon is called negative catalysis. For example: 

i Addition of small amount of acetanilide shows slow 
decomposition of hydrogen peroxide. 

ii. Tetraethyl lead (TEL) acts as an antiknocking agent in 
the case of petrol. Thus, it decreases the knocking of 
petrol and acts as a negative catalyst. 

iii. The oxidation of sodium sulphite by air is retarded by 
alcohol. 


2Na,SO,(s) + O,(g) —AXohol_, 2Na,SO,(s) 


iv. The oxidation of chloroform by air is retarded if some 


alcohol is added. 
2CHCI,(1) + 0,(g) | 
2COCI,(g) + 2HCI(g) 


c. Auto-catalysis: In certain reactions, one of the products 
acts as a catalyst. In the initial stage the reaction is slow but 
as soon as products are formed, one of the products itself 


acts as a catalyst, and hence th T: 
: Á e reaction is kn 
catalysis. For example: own as auto- 


. Induced catalysis: 


So ge ye ee 
red on copper, the reaction is very 
Gradually, the reaction becomes 
faster due to formation of nitrous acid during the reaction, 
which acts as an auto-catalyst. 
of ethyl acetate, acetic acid and ethy| 
alcohol are formed. The reaction is initially very slow byt 
gradually its rate increases. This is due to the formati on 
of acetic acid which acts as an auto-catalyst in this 
reaction. 

CH,COOC,Hs + HO CH,COOH + C,H,OH 

When one reaction influences the rate 
hich does not occur under ordinary 
known as induced catalysis 


m 
—— 


i. When nitric acid is pou 
slow in the beginning. 


ii. In the hydrolysis 


of other reaction, W 
conditions the phenomenon 1s 


Some examples are as follows: 

Reduction of mercuric chloride (HgC1,) with oxalic acid 
is very slow, but potassium permanganate is reduced 
readily with oxalic acid. If, however, oxalic acid is added 
to a mixture of potassium permanganate and mercuric 
chloride, both are reduced simultaneously. The reduction 
anate, thus, induces the reduction 


of potassium permang 
of mercuric chloride. 
Sodium arsenite solution is not oxidized by air, if, 
however, air is passed through a mixture of the solution 
of sodium arsenite and sodium sulphite, both of them 
undergo simultaneous oxidation. The oxidation of 
sodium sulphite, thus, induces the oxidation of sodium 
arsenite. 

Depending on whether a catalyst is in the same phase as the 


ii. 


reaction mixture, catalysis is divided into two types: 
a. Homogeneous catalysis: If a catalyst is present in the same 


phase as the reactants, it is called a homogeneous catalyst 
and this type of catalysis is called homogeneous catalysis. It 
is believed that in homogeneous catalysis, a catalyst enters 
into chemical combination with one or more of the reactants 
forming an intermediate compound which then decomposes 
or combines with one of the reactants to produce the product 
and the catalyst is regenerated. 

A thoroughly studied example of homogeneous catalysis § 
the hydrolysis of organic ester (RCOOR’). 


O: O: 
R—C—Q—R(1) + H0() == P +R OH) 


O: 
ak Rand R' are alkyl groups, el ae is a carboxyl 
h id and R—OH is an alcohol. The reaction rate is low : 
vine, temperature but can be increased by adding a ™ 
unt of a strong inorganic acid which provides H° jot 


that a i 
aa cts as a catalyst in the reaction. Some other exampl” 
omogeneous catalysis are: 


i. Oxidati | 
xidation of sulphur dioxide into sulphur trioxide wit 


diox j 
ap “Lio in the presence of oxides of nitrogen as | 
alyst in the lead chamher mennaan 


a 
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NO(g) 
2897 a 
actants, Sulphur dioxide and oxygen, and the 


th m nitric oxide, are all in the same phase. 
taly>" i 
ca ver of methyl acetate is catalyzed by H® 


ions 
| aW ished by hydrochloric acid 
| fum 


CH coocH,(!) + H,O(1) He 
3 3 


CH,COOH(aq) + CH,OH(aq) 
goth the reactants and catalyst are in the same phase. 


.. Hydrolysis of sugar is catalyzed by H® ions furnished 
l. . : 
i py sulphuric acid | 
H)S04(1) 
C Hy 1(89) + H00) —~—=— 
CoH} 20,(aq) + C,H, ,0,(aq) 
Glucose Fructose 


Solution 


iv Catalytic decomposition of ozone by chlorine atoms in 


the gas phase 


0,(g) + O(g) — = 20, 


y, Oxidation of CO by O, in the presence of NO as catalyst 


2CO(g) + 0,(g) —— 2, 2C0,(g) 


Heterogeneous catalysis: When the catalyst is in different 
phase than the reactants, it is called heterogeneous catalyst, 
and this type of process is called heterogeneous catalysis. 


In heterogeneous catalysis, the catalyst is generally a solid 
and the reactants are generally gases, but sometimes liquid 
reactants are also used. It is also known as surface catalysis, 
as the reaction starts at the surface of the solid catalyst. 
These catalysts have enormous surface areas between 
| and 500 m? g`! for contact. Interestingly, many reactions 
that occur on a metal surface such as the decomposition 
of HI on gold and the decomposition of N,O on platinum 
are zero order because the rate-determining step occurs on 
the surface itself. Thus, despite an enormous surface area, 
once the reactant gas covers the surface, it increases the 
rate of reaction. 


— a 


One of the most important examples of heterogeneous 
catalysis is the addition of H, to the C=C bonds of organic 
compounds to form C—C bonds. This is known as catalytic 
hydrogenation reaction. The petroleum, plastics and food 
industries frequently use catalytic hydrogenation. 
Examples of heterogeneous catalysis are given below: 
i. Oxidation of sulphur dioxide into sulphur trioxide in 
the presence of Pt 
280,(g) — =E, 280,(g) 
The reactant is in gaseous state while the catalyst is in 
the solid state. 
ii, Combination between dinitrogen and dihydrogen to 
form ammonia in the presence of finely divided iron in 
Haber’s process 


N (e) + 3H (g) —=©_, 2NH,(g) 


The reactants are in gaseous state while the catalyst 1s 
in the solid state. 

iii. Oxidation of ammonia into nitric oxide in the presence 
of platinum gauze in Ostwald’s process 


4NH,(g) + 50,(g) —“» 4NO(g) + 6H,0(8) | 

The reactants are in gaseous state while the catalyst 1s 

in the solid state. 

iv. Hydrogenation of vegetable oils in the presence of finely 

divided nickel as catalyst 

Vegetable oils(1) + H,(g) “> Vegetable ghee(s) 

One of the reactants is in liquid state and the other in 

gaseous state while the catalyst is in the solid state. 
Catalytic converter for an automobile . 
The catalytic converter in the car’s exhaust which converts polluting 
exhaust gases into non-toxic ones contains a heterogeneous 
catalyst. In a single pass through the catalyst bed, CO and unburned 
petrol are oxidized to CO, and H,O, while NO is reduce to N. 
Mixtures of transition metals and their oxides embedded in inert 
supports act as a catalyst. 


26040, = 200, 


Hydrocarbons 1, CO, + H,O 


(unburnt petrol) 
2NO Catalyst N, 4 O, 


5.3.3 THEORIES OF CATALYSIS 


There is no universal principle behind the action of catalysts 
as catalytic reactions are of varied nature. However, two broad 
theories of catalytic action have been proposed. These are as 
follows: 


a. Intermediate compound formation theory: It was 
proposed by Clement and Desormes in 1806. It successfully 
explains the homogeneous catalysis. 


According to this theory, the catalyst first forms an 
intermediate compound with one of the reactants, which then 
decomposes or combines with another reactants to produce 
the product and the catalyst is regenerated. The catalyst in 
this reaction lowers the free energy of activation and hence 
accelerates the rate of reaction. 


For example, the oxidation of SO, to SO, in the presence 
of NO takes place as follows: i 


Og) + 2NO(g) —> 20O (e) 


Reactant Catalyst Intermediate 
SO,(g) + NO,(g) — SO (g9) +  NO@) 
Reactant Intermediate Product Regenerated 
Catalyst 
This theory explains why the catalyst remains unchanged in 


mass and chemical composition at the end of the reaction is 
effective in small quantities. 


However, this theory is limited to homogeneous catalysis 
as the formation of intermediate compound is possible in the 
case of homogeneous catalysis only. It also fails to explain 


the action of catalytic Promoters, catalytic poisons, and 
action of finely divided Catalyst. 


a 7 
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is theory explains the mechanism of 
According to the earlier adsorption 
theory of heterogeneous catalysis, it was believed that the 
reactants in gaseous state or in solutions, are adsorbed on the 
surface of the solid catalyst. The increase in concentration 
ofthe reactants on the surface increases the rate of reaction . 
Adsorption being an exothermic process, the heat of 
adsorption is utilized in enhancing the rate of the reaction. 
This earlier theory does not explain the specificity of a 
catalyst. 
The modern adsorption theory is the combination of 
intermediate compound formation theory and the old 
adsorption theory. The catalytic activity is localized on the 
surface of the catalyst. The mechanism involves five steps: 
Diffusion of reactants to the surface of the catalyst 
Adsorption of reactant molecules on the surface of the 


b. Adsorption theory: TI 
heterogeneous catalysis. 


-i 


catalyst 

iii. Occurrence of chemical reaction on the catalyst’s 
surface through the formation of an intermediate 
(Fig. 5.12) 

iv. Desorption of reaction products from the catalyst 
surface, and thereby, making the surface available again 
for more reaction to occur 

v. Diffusion of reaction products away from the catalyst’s 
surface 
The surface of the catalyst unlike the inner part of 
the bulk has free valencies which provide the seat 
for chemical forces of attraction. When a gas comes 
in contact with such a surface, its molecules are 
held up there due to loose chemical combination. 
If different molecules are adsorbed side by side, they 
may react with each other resulting in the formation of 
new molecules. Thus, formed molecules may evaporate 
leaving the surface for fresh reactant molecules. 

In case free valencies are responsible for the catalytic 
activity, it follows that with the increase of these 
valencies on the surface of a catalyst, the catalytic 
activity will be greatly enhanced. The free valencies 
can be increased in the following two ways: 

1. By fine division of the catalyst 


2. By rough surface of the catalyst 


Adsorption | | | 
—_ o—o— of reacting oo 
O O +A4+B molecules y , . A 
—O—O—O— Reacting —0O—O—O— B 
molecules | | | 
Catalyst surface having Adsorption 
free valencies of reacting 
molecules 
| | Desorption | | | 
=0=0=0= of product 
J O O +A-B molecules ae i i 
| | _ a 
BEng 0—0—0~—B 
Catalyst Intermediate 


Fig. 5.12 Adsorption of reacting molecules, formation of intermediate, and 
desorption of products 


This theory does not explain the action of catalytic 
promoters and catalytic poisons. 


The effectivene 
aspects: 


— pennun a 


5.3.4 IMPORTANT FEATURES OF SOLID CATALYSTş 


(HETEROGENEOUS CATALYST) 
ss of a catalyst depends upon two important 


activity and selectivity. 
a catalyst: Activity is the ability of a catalyst 


Activity of i 
a chemical reaction. 


to accelerate the rate of 
The activity of a catalyst depends upon the strength of 
chemisorption to a large extent. The reactant must adsorb 
reasonably strongly for the catalyst to be active but must 
not adsorb so strongly that they become immobilize and the 
other reactants do not get space on the catalyst surface for 
adsorption. It has been observed that for hydrogenation, the 
catalytic activity increases as we g0 from Group 5 metals to 
Group 11 metals with maximum activity shown by elements 
of Group 7-9 in the periodic table. 

Acatalyst may accelerate a reaction to as high as 10!° times. 
For example, the mixture of H, and O, can be stored for any 
period but in the presence of platinum, the reaction occurs 


with explosive violence. 
2H,(g) + 0,(g) —> 2H,0() 


Selectivity of a catalyst: The selectivity of a catalyst is 
its ability to direct a reaction to yield a particular product. 
For examples, starting with H, and CO, and using different 
catalysts, we get different products. 


i. CO(g) + 3H,(g) —“> CH,(g) + H,0(g) 
ii CO(g) + 2H,(g) —2O*2 + CH,OH(g) 


iii. CO(g) + H,(g) “> HCHO(g) 


Similarly, acetylene on reaction with H, in the presence of 
Pt catalyst gives ethane, while in the presence of Lindlar’s 


` catalyst (palladium and BaSO, poisoned with quinoline or 


sulphur) gives ethylene. 
Pt 
a CH,;— CH, 
ara yoi Ethane 
H—C==C—H+ H, 
Acetylene 7 
CH=CH, 
catalyst = 
` Ethylene 


Thus, it can be inferred that the action ofa catalyst in highly 
selective in nature, i.e., a given substance can act as a catalyst 
only in a particular reaction and not for all the reactions. 
It means that a substance which acts as a catalyst in one 
reaction may fail to catalyze another reaction. 


5.3.5 SHAPE-SELECTIVE CATALYSIS BY ZEOLITES 


Zeolites are naturally occurring or synthetic microporous 
aluminosilicates of general formula: 


M nl (A103), (SiO,),]m„ H,O 
M = Na®, K®, or Ca?*-like metals 
n = Valency of metal cation 


m = molecules of water of crystallization 
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ic reaction that depends upon the pore structure 
the size of the reactant and product molecules 
lective catalysis. Zeolites are good shape- 
because of their honeycomb-like structures, 
tive „luminosilicates, i.e., three-dimensional network 
| te „hich some silicon atoms are replaced by aluminium 
liate" a a found in nature as well as synthesized for 
$ 'lectivity. Zeolites, before using as catalyst, are heated 
ahi 7 <o that the water of hydration is lost. As a result, 
cuui! ~ rous, i.e., the cavities in the cage-like structure 


e-Se 


qhe SI 


„Thus, only those molecules can be adsorbed in these 
<4) pl. 


ses whose size is small enough to enter these cavities and also 
ane easily. . ; : 
` The reaction taking place in zeolites depend upon the size and 
xi of reactant and product molecules as well as upon the pores 
`a vities of the zeolites. That is why these types of reactions 
“ called shape-selective catalysis reactions. 

i Zeolites are being very widely used as catalysts in 
rochemical industries for cracking of hydrocarbons and 
merization. An important zelolite catalyst in the petroleum 
adustry is ZSM-5. It converts alcohols directly into gasoline 


srol) by dehydrating them so that a mixture of hydrocarbons is 
imed. 


;4 ENZYME CATALYSIS 


Living organisms carry out thousands of chemical reactions which 
aie place in dilute solution at ordinary temperature and pressure. 
“x example, they can use small molecules to assemble complex 
~opolymers such as proteins and DNA. Organisms can produce 
colecules that combat bacterial invaders. They can break down 
zæ, energy-rich molecules in many steps to extract chemical 
“gy in small portions to drive most of their activities. 

Most of these reactions are catalyzed by biochemical 
Zelysts called enzymes. Enzymes are proteins with high molar 
“46 ranging from 15000 to 1000000 g mol’. Enzymes are 
“Scdibly efficient catalysts. They increase rates by 108 to 107° 
“es. Enzymes are also extremely specific: each reaction is 
“tally catalyzed by a particular enzyme. Urease, for example, 
ia 2es only the hydrolysis of urea and none of the several 
usand other enzymes present in the cell catalyzes that reaction. 


NH,CONH, +H,0 Urease 2NH, + 2CO, 

Most enzymes have been obtained in pure crystalline state 
living cell, However, the first enzyme was synthesized in the 
'atory in 1969, 


_ lowing are some of the examples of enzyme-catalyzed 
Ons: 


fi Om 


a, I . i 
version of cane sugar: The invertase enzyme converts 


c i 
ne sugar into glucose and fructose. 


C 2H,,0, (aq) + H,O() Invertase 


C,H,,0,(aq) + C6Hj0,(49) 


Fructose 


Cane sugar 


Glucose 


g- 


. Conversion of glucose into ethyl alcohol: The zymase 


enzyme converts glucose into ethyl alcohol and carbon 


dioxide. 
C,H,,0,(aq) 2m 2C,H,OH(aq) + 2CO,(8) 
Glucose Ethyl alcohol 


Conversion of starch into maltose: The diastase enzyme 
converts starch into maltose. 


Diastase 


2(C6Hj905),(aq) + LO —— => nC H20 (29) 


Starch Maltose 


; . è e 
Conversion of maltose into glucose: The maltase enzym 
converts maltose into glucose. 


C,jH,,0, (aq) + H,O(1) > 2C H0630) 


Maltose Glucose 


. Decompostion of urea into ammonia and carbon dioxide: 


The enzyme urease catalyzes this decomposition. 


Urease 


NH,CONH, (aq) + H,O() —““~> 2NH,(g) + CO,(g) 


. Catalysis by pepsin and trypsin: In stomach, the pepsin enzyme 


converts proteins into peptides while in intestine, the pancreatic 
trypsin converts proteins into amino acids by hydrolysis. 
Conversion of milk into curd: It is an enzymatic reaction 
brought about by lactobacilli enzyme present in curd. 


Table 5.4 gives the summary of some important enzymatic 
reactions. 


i 


Enzyme 


Table 5.4 Some enzymatic reactions 
Enzymatic reaction 


Source 


Invertase Sucrose — Glucose and fructose 

Zymase Yeast Glucose — Ethyl alcohol and 
carbon dioxide 

Diastase Malt Starch — Maltose 

Maltase Yeast Maltose — Glucose 

Urease Soyabean | Urea — Ammonia and carbon 
dioxide 

Pepsin Stomach | Proteins — Amino acids 


5.4.1 CHARACTERISTICS OF ENZYME CATALYSIS 


Enzyme catalysis is unique in its efficiency and high degree of 


specificity. The following characteristics are exhibited by enzyme 
catalysts: 


a. High efficiency: Enzymes are efficient catalyst. Even 


c. Temperature dependence: 


one molecule of an enzyme may transform one million 
molecules of the reactant per minute. 


High specificity: The enzyme catalysts are highly specific 
in nature. Almost every biochemical reaction is controlled 
by its own specific enzyme, i.e., one enzyme cannot catalyze 
more than one reaction. For example, the enzyme urease 
catalyzes the hydrolysis of urea only. It does not catalyze 
hydrolysis of any other amide. É 


k | The rate of an enzyme reaction 
ecomes maximum at a definite temperature, called the 


ay a 


O 
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optimum temperature. On either side of eter aa 
the enzyme activity decreases. The optimum temp ve 
range for enzymatic activity is 298-310 K. pea oe 
temperature being 310 K is suited for enzyme-catalyZ 
reactions. | 

d. pH dependence: The rate of an enzyme-catalyzed sain 
is maximum at a particular pH called optimum pH, which 
is lies between 5 and 7. | 

e. Presence of activators and co-enzymes: The enzymatic 

activity is increased in the presence of certain substances, 
known as co-enzymes. It has been observed that when a 
small non-protein (vitamin) is present along with an enzyme, 
catalytic activity is enhanced considerably. 
Activators are generally metal ions such as Na®, Mn?*, Co”, 
Cu2*. etc. These metal ions, when weakly bonded to enzyme 
molecules. increase their catalytic activity. Amylase in 
presence of sodium chloride, i.e., Na® ions, is catalytically 
very active. 

f. Influence of inhibitors and poisons: Like ordinary 
catalysis, enzymes are also inhibited or poisoned by the 
presence of certain substances. The inhibitors or poisons 
interact with the active functional groups on the enzyme 
surface and often reduced or completely destroy the catalytic 

; activity of the enzymes. The use of many drugs is related to 


their action as enzyme inhibitors in the body. 


5.4.2 MECHANISM OF ENZYME CATALYSIS 


The remarkable specificity of enzymes results from the fact that 
each enzyme has a specific, active site on its surface such as —NH,, 
—COOH,—SH, —OH, etc. These are actually the active centres 
on the surface of enzyme particles; when the reactant molecules, 
called the substance of the reaction, bind at the active site, a 
chemical change is initiated and an activated complex is formed 
which then decomposes to yield the products. In most cases, the 
substrate binds to the active site through intermoleuclar forces: 
H-bonds, dipole forces, and other weak attractions. 


Two models of enzyme action have been proposed 
(Fig. 5.13): 


a. Lock and key model b. Induced fit model 
According to the lock and key model, every lock (active site) 
has a particular shape and when a particular key (substrate), which 


has complementary shape, fits into a lock, the chemical change 
begins, which finally results into a product ( Fig. 5.13). 


[E—S] —> +p 


Active site 


BS aS 
I 
Enzyme Substrate Enz 
me—substrate Ins 
(catalyst) (reactant) si a Enzyme Products 


complex 
Fig. 5.13 Mechanism of enzyme-catalyzed reaction 


Modern X-ray crystallo i 
i graphic and spectroscopic meth 
have shown that in many cases, unlike an ordinary lock the cos 


e) slightly change the shape when a sub 


me Str 
site. The ability of an enzyme to under ate 


lands at the active i a a ETRO th 
p ; whether the “key” e 
correct distortion also determines y” will fitor ot 


This refinement of the original lock-and-key model is know ù 
induced fit model. According to this model, a substrate induces th 

active site to adopt a perfect fit rather than a rigidly shaped loch 
and key. Therefore, we can picture this model as hand in a glove 
a which the glove (active site) does not attain Its functional shape 


molecules (enzym 


until the hand (substrate) moves into place. 
The kinetics of enzyme catalysis has many feature, ’ 
common with ordinary catalysis. In the enzyme-catalyze4 
reaction, substrate (S) and enzyme (E) form an intermediate 
enzyme-substrate complex ( ES) whose concentration determine 
the rate of product (P) formation. The steps common to virtually 
all enzyme-catalyzed reactions are: 
Step 1: Binding of enzyme to substrate to form an activated 
complex. 


E+S— ES* (Fast, reversible) 
Step 2: Decomposition of the activated complex to form product 
ES*— E +P (Slow, rate determining) 


The rate of enzyme-catalyzed reaction changes from firs 
order to zero-order as the concentration of substrate is increased 


5.4.3 CATALYSTS IN INDUSTRY 


The enzymes are widely used in industrial processes. Some ofthe 
important catalytic processes are listed in Table 5.5 to give an idea 
about the utility of catalysts in industries. 


Table 5.5 Some industrial catalytic processes 


Process 


Catalyst 


. Haber’s process for the | Finely divided iron, molybdenum 


manufacture of ammonia | as promoter; condition: 200 bar 
N,(g) + 3H,(g) > | pressure and 723-773 K 
2NH,(g) | temperature. Now-a-days, 2 
| | mixture of iron oxide, potassium 
| oxide, and alumina is used. 
2. Ostwald’s process for the Platinized asbestos: 
manufacture of nitric acid. | temperature 573 K 
4NH,(g) + 50,(g) 
> 4NO(g) + 6H,O(g) 
2NO(g) + O,(g) 
— 2NO,(g) 
4NO,(g) + 2H,O(1) + O,(g) 
— 4HNO (aq) | 
3. Contact process for the Platinized asbestos or vanadiu 
manufacture of sulphuric pentoxide (V,0;): temperatu? 
acid. 673-723 K. | 
2SO,(g) + O(g) > 2S0,(g) 
SO,(g) + H,S0,(aq) 
> H,S,0,(aq) 
Oleum 
H,S,0,(1) + H,O(1) 
> 2H,SO,(aq) 
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to remove CO when ammonia is obtained 


fe N . 
yl json for the catalyst used in the manufacture 


0 acts S a po 5 H . œ 
C a by Haber $ process. Hence, it 1s necessary to 


s slow in the beginning and becomes 


int we hydrolysis takes place as follows: 
== RCOOH + R'OH 
Acid Alcohol 


produced in the reaction acts as catalyst 
) for the reaction. Hence, the reaction becomes 


The acid 
jgutocatalyst 
aster after some time. 


y activity of catalysts? 


What do you mean b 


ty is the ability of catalysts to accelerate chemical 


Activi 
reactions. 


How does BF, act as a catalyst in industrial process? 


co BF, is a strong Lewis acid. Hence, it is used as a catalyst 
in industrial processes. 


Give an example of a shape-selective catalyst. 


BD Zeolites are shape-selective catalysts. A zeolite called 
ZSM-5 converts alcohol to gasoline. 


Explain the shape-selective catalysis. 


So, The catalystic reaction which depends upon th 
size of the catalyst and the size of the reactant and product 
molecules is called shape-selective catalysis. Zeolites are 
good shape-selective catalysts because of their honey comb 
like structures. ZSM-5 is used in petroleum industry to 
Convert alcohols directly into gasoline by dehydrating them 
to give a mixture of hydrocarbons. 

CH oH —2SM2_, (CH,), + #H20 


Gasoline 


Migration s.e. 


What ig the role of desorption in the process of catal 


e pore 


ysis? 


“Sol. Desorption makes the surface of a solid catal 


yst free for 


fresh adsorption of reactants on the surface. 


The ability of a catalyst to direct the reaction tO yield 


particular products is called 

a. Reactivity b. Selectivity €- Activity 
Which of the following is an example o 
a. ZSM-5 b.AgNO, © Mg(OH), 


Reactions in zeolite catalyst depend on 
b. Apertures 


d. All of these 


d. Fugacity 


f zeolite? 
d. Co(OH), 


a. Pores 
c. Size of cavities 


ii. a. iii. d. 


Taking two examples of 
explain how a heterogeneous ca 


Such catalytic reactions are ca 


heterogeneously catalyzed reactions, 


talyst helps in the reaction. 
A Solid catalysts are used in a number of gaseous reactions. 
lled heterogeneous reactions. 


Examples of heterogeneous catalysis are as follows: 


a. Manufacture of ammonia from N, and H, by Haber’s 
process in the presence of catalyst. 


N,(g) + 3H,(8) __Fe(s)_, 2NH,(g) 


b. V,O, catalyst is used in the manufacture of H,SO, by 


contact process. 


2$0,(g) + Ox(g) 22> 2805) 


Solid catalyst helps in the following ways: 

i. Simultaneous adsorption of reactants increases with 
concentration at the surface of the catalyst which 
increases the reaction rate. 

ii. Adsorption of reactant molecules makes the attack 
of other molecules on it easier. 

iii. Some adsorbed molecules dissociate into atoms 
which are very reactive. 

iv. The heat of adsorption released provides activation 
energy for the reaction. 


Give four examples of heterogeneous catalytic reactions. 


a. Contact process reactions 
b. Haber’s process reactions 
c. Hydrogenation of vegetable oils 


Vegetable oil + H, as Vegetable ghee 


_— Ni 
CH, = CH, + H SRLN CH, —CH, 


e ee 
r ae 
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d. Synthesis of methanol 
_ZnO-CrO | 
cow +(e) mm CH,OH () 


How does the rate of an enzyme-catalyzed reactions vary with 
(a) temperature and (b) pH? Represent diagrammatically. 


‘Sol. As the temperature or pH is increased, the rat l 
it is maximum at 37°C (physiological temperature) Ol 
H = 7.4 and then falls off (as shown in the figure). 


e rises till 


p 


Enzyme activity —> 


Enzyme activity —> 


0 50 100 0 
Temperature (°C) 


Indicate a chemical reaction involving a homogeneous catalyst. 


EEB 2S0,(g) + 0,(8) NOW 250,(g) 


How does-a catalyst work? 


“Sol It provides an alternate path involving lower activation 
energy for the reactants. 


What do you mean by activity and selectivity of catalyst? 


Sol. Activity is the ability of a catalyst to accelerate chemical 
reactions, for example, Pt catalyzes the combination 
of H, and O, to form water. It has been found that for 
hydrogenation reactions, the catalytic activity increases 
from Group 5 to Group 11 metals with maximum activity 
being shown by Group 7-9 elements of the periodic table. 


Selectivity is the ability of a catalyst to direct a reaction 
to yield a particular product. A combination of CO and H, 
yields different products with different catalysts as given below: 


CO(g) + 3H,(g) —“> CH,(g) + H,O(g) 
CO(g) + 2H,(g) —Wae 2, CH,OH(g) 
CO(g) + H,(g) —C_, HCHO( g) 


i. Which of the following small-sized elements can 
replace silicon and aluminium in the framework at zeolites 


a. Boron b. Magnesium 


c. Phosphorus d. All 


A catalyst lowere 


ii. Zeolites 
formula 
a. M[(A10,),]mH,0 
b. M, [(A10,),( SiO,),] 
c. M, [(Si0,), } #0 
d. M.,[(AIO,),(SiO,),1 H20 ; 
iii. The zeolites have shape selectivity gepen ing on 
a. Pore structure b. Atomic structure 


c. Molecular structure d. None 


are microporous aluminosilicates with genera] 


iii. a 


d the activation energy by 25 kJ mot" at 25°C. 


By how many times will the rate grow? 


i The rate of reaction is related to the activation energy by 


” the following relation: 


K, AE | 
Ka anie s s vii 
Ko Pose 


Given, AE = 25 x 10° J 

R=8.314J K” mol! 

T = 25°C = 298 K 

Substituting all the values in Eq. (i), we get 


25x10 
O digs = | 
wae E x8.314x a 


<. K, = K, * 24069 
Therefore, the rate increases by 24069 times. 


At 400 K, the energy of activation of a reaction is decreased 
by 0.8 kcal in the presence of catalyst. Hence, the rate will be 
a. Increased by 2.73 times 

b. Increased by 1.18 times 

c. Decreased by 2.72 times 


d. Increased by 6.26 times 


a. We know 


K, AE 
— = Antilog | ———— (i) 
Ky T i 


Given AE = 0.8 kcal = 3.344 x 10° J 

R = 8.314 J K`! mol! 

T=400 K 

Substituting all the values in Eq. (i), we get 
Ži = Antilog | = 2.73 
K, 8.314 x 2.303 x 400 l 

s K,=2.73,K, 


Therefore, the rate will increase by 2.73 times. 


REE E 


a ` 


aof olloidal chemistry was laid down by an English 
jt t nas Graham, 1m 1861. 
C ~ 


_ Graham classified the soluble substances into two 
l dingupon the rate of their diffusion throu gh animal 
| rus ol membranes Or parchment paper. He observed that 

"yet! diffuse freely through the membrane, whereas 
git” diffuse at all. The former type of substances on account 
Pr “alline nature such as common salt, sugar, urea, etc., 
ae? j avystalloids while the latter type were termed as colloids 
ran vol a. meaning glue-like). All inorganic acids, bases, 
ae d organic compounds such as sugar, urea, etc., were 


RNOR 

AÑ, silicit a . 3 

gs son realized that the above classification was not 
p was > 


„q since MANY crystalline substances can be converted into 
er fom by suitable means. The colloidal form of sodium 
en crystalloid, can be obtained in benzene. Thus, the above 
or peat was discarded, i.e., the term colloid does not apply 
ee ular class of substances but is a state of matter such as 
“il quid. and gas. Any substance can be brought into colloidal 


as hy suitable means. Therefore, there is no separate class of 
Bie © 


m 
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substances called colloidal substance. It is just a state of matter 
into which every substance can be obtained by a suitable method. 
Further studies of the behaviour of these solutes have shown that the 
nature of a substance whether crystalloid or colloid depends upon 
the size of the solute particles. When the size of the solute particles 
lies between 1 nm and 100 nm it behaves like a colloid. If the size 
of solute particles is greater than 100 nm, it exists as suspension, 
and if the particle size is less than 1 nm, it exists as a true solution. 


Thus, a colloid is a heterogeneous system in which one 
substance is dispersed (dispersed phase) as very fine particles 
in another substance called dispersion medium. In a colloid, the 
dispersed phase may consist of particles of a single macromolecule 
(such as synthetic polymer or protein) or an aggregate of many 
atoms, molecules, or ions. 


Colloidal particles have an enormous surface area per unit 
mass as a result of their small size. Consider a cube with 1 cm 
side. It has a total surface area of 6 cm2. If it were divided equally 
into 10!2 cubes, the cubes would be the size of large colloidal 
particles and have a total surface area of 60000 cm? or 6 m°. This 
enormous surface area leads to some special properties of colloids 
to be discussed later in this chapter. 


The distinction between characteristics of suspension, 
colloidal solution, and true solution is tabulated in Table 5.6. 


Table 5.6 Difference between suspension, colloidal solution, and true solution 


True solution 


Particle size Less than 10° m or 


1 nm (i.e., <10 A) 


to 
` 


Colloidal solutions 


Between 10° and 107 m or 


1 nm and 100 nm 


Suspension 


More than 107 m or 100 nm 
G.e., >1000 A) 


Filterability Pass through ordinary Pass through ordinary filter Do not pass through filter 
filter paper as well as paper but not through animal paper as well as animal 
animal membrane membrane membrane 

3. Settling Do not settle Do not settle Settle on standing 

4. Visibility Particles are invisible Scattering of light by the Particles are visible to naked 
particles is observed under eye or under a microscope. 
ultra-microscope. 

5. Diffusion Diffuse quickly Diffuse slowly Do not diffuse 

6. Appearance Clear and transparent Transluscent | Opaque 


55,1 CLASSIFICATION OF COLLOIDS 


Colloids are classified on the basis of following criteria: 
4. Physical state of dispersed phase and dispersion medium 


b. Nature of interaction between dispersed phase and dispersion 
medium 
& Type of particles of the dispersed phase 
Colloidal solution is heterogeneous in nature and always 
nsists of at least two phases, namely, disperse phase and 
‘persion medium. The component present in small pr oportion 
= Consisting of particles of colloidal dimensions ss called 
“Perse phase. The medium in which colloidal particles are 
Persed is called dispersion medium. 


Classification Based on the Physical State of Dispersed 
Phase and Dispersion Medium 


Depending upon whether the dispersed phase and the dispersion 
medium are solids, liquids, or gases, eight types of colloidal 
systems are possible. A gas mixed with another gas forms a 
homogeneous mixture and hence is not a colloidal system. The 
examples of the various types of colloids along with their typical 
names are listed in Table 5.7. 


It is clear from Table 5.7 that many common commercial 
products and natural objects are colloids. For example, whipped 
cream is a colloidal system (foam), a gas dispersed in a liquid. 
Out of the different types of colloids, the most common are sols 


(solids in liquids), gels (liquids in solids), and emulsions (liquids 
in liquids). 
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Table 5.7 Types of colloidal system 


Dispersion 


Solid Liquid 


| Solid Gas 
Liquid Solid 


Liquid | Liquid 


| Liquid Gas 
Gas | Solid 
Gas | Liquid 


eee ee ae 


: oo Classification Bas 
Dispersed Phase and Dispers 


—_—— 


Type of 
colloid i 
Solid sol | Some coloured 


glasses and 


gem stones 


Sol Paints, cell fluids 

Aerosol | Smoke, dust 

Gel Cheese, butter, 
jellies 


Emulsion | Milk, hair cream 
Aerosol | Fog, mist, cloud, 
insecticide 


sprays 


Solid sol | Pumice stone, 
foam rubber 
Foam Froth, whipped 


cream, soap 
| lather 


J 


Depending upon the nature of the dispersion medium, 
colloidal solutions are sometimes given specific names. For 


Examples Depending upon the nature of i 
phase and the dispersion medium, 
two categories, name 
(solvent repelling). If water is a 
are hydrophilic and hydrophobic. 


— — a 
ed on the Nature of Interaction between 
ion Medium 


nteraction between the dispersed 
colloidal sols are divided into 
ly, lyophilic (solvent attracting) and /yophobic 


oids: The word lyophilic means liquid-loving 
Colloidal sols directly formed by mixing substances such 
as gum, gelatine, starch, rubber, etc., with a suitable liquid 
(the dispersion medium) are called lyophilic sols. As they 
form the colloidal sol directly they are also called intrinsic 
colloids. An important characteristic of these sols is that if 
the dispersion medium is separated from the dispersed phase 
(say by evaporation), the sol can be reconstituted by simply 
remixing with the dispersion medium. That is why these sols 
are also called reversible sols. Furthermore, these sols are 
quite stable and cannot be easily coagulated as discussed 


a. Lyophilic coll 


later. 


b. Lyophobic colloids: The word lyophobic means liquid- 


hating. Substances such as metals, their sulphides, etc., when 
simply mixed with the dispersion medium do not form the 
colloidal sol. Their colloidal sols can be prepared only by 
special methods (as discussed later). Such sols are called 
lyophobic sols. As their colloidal sols have to be prepared 
by indirect methods, they are also called extrinsic colloids. 


| gum, proteins, etc. 


example: 
P These sols are readily precipitated (or coagulated) on the 
Dispersion medium Name of colloidal solution addition of small amounts of electrolytes, by heating or by 
as zw shaking and, hence, are not stable. Further, once precipitated. 
pane ydrosols they do not give back the colloidal sol by simple addition 
coho Alcosols of the dispersion medium. Hence, these sols are also called 
Benzene Benzosols irreversible sols. Lyophobic sols need stabilizing agents for 
ag Aal their preservation. 
The essential difference between lyophilic sols and 
lyophobic sols are given in Table 5.8. 
Table 5.8 Difference between lyophilic sols and lyophobic sols 
S.No. Property Lyophilic sol Lyophobic sols | 
1. Ease of preparation Prepared easily by directly mixing Gannat be prepared directly. Prepared by 
with the liquid dispersion medium. special methods only | l 
2. Stability The i | 
y are quite stable and are ae 
| easily precipitated or coagul j j ESE aarann 
agu y Ma eni 
; | seracerates gulated. of a small amount of a suitable electrolyte. 
. l ennl e and They are reversible in nature, i.e., They are irreversible i i 
irreversible nature once precipitated can reform the cipi > va anaes 
Saar | precipitated cannot form the colloidal 
oidal solution by simply remixing solution by simple addition of the dispersi 
with the dispersion medium. medium — 
4, | 
Nature of substances These sols are usually formed by These sols 
organic substances such as starch mat al Se eee 
aterials such as metals, their sulphides, etc. 


a 


| 


| 
| 


dispersion medium, the termsuseq | 


/ | 
} 
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f viscosity Their viscosity is much higher th — = = =. 
an “4 t0 $ 7 y n 
A, that of the me Mum. ae viscosity is almost the same as that of 
the medium. 
Surface tension Their surface tension is usually | "hei 
‘ than that a dg y lower Their surface tension is nearly same as 
Ispersion medium, that of the dispersion medium. 
visibility Their particles are neither visi 
1 detected exxily’s neither visible nor Their particles, though not visible, can be 
OUR S Tei i aga 
l s / y an ultra-microscope easily detected by an ultra-microscope. 
(by the scattering of light). 
Migration in an Their particles i TS Hari ' 
$. | = eel d a may migrate in either Their particles migrate in only one 
electric rection or may not migrate at i MEPR EE ' 
all. articular direction in the electric field. 
eae EE a ee 


sassification Based on the Type of Particles of the 
nispersed Phase 

pending upon the type of particles of the dispersed phase, the 
sJloids are classified as: 


molecules have large sizes and have dimensions compar- 
able to those colloidal particles, their dispersions are called 
macromolecular colloids. Their colloidal solutions are quite 
stable and resemble true solutions in many respects. 


3. Multimolecular colloids 

b. Macromolecular colloids 

< Associated colloids 

a Multimolecular colloids: When on dissolution a large 
number of atoms or smaller molecules of a substance (with 
diameter less than 1 nm) aggregate together to form species 
having size falling in the colloidal range, the species thus 
formed are called multimolecular colloids. The dispersed 
phase in this type of colloidal system may contain large 
aggregates of atoms of molecules formed as a result of 
aggregating properties of the dispersing particles. For 
example, a gold sol may contain particles of various sizes 
having several atoms. Sulphur sol consists of particles 
containing a thousand or so of S, sulphur molecules. These 
are held together by van der Waals forces. 

b. Macromolecular colloids: When certain substances having 
big size molecules, called macromolecules having large 
molecular masses, are dissolved in a suitable liquid, they 
form a solution in which the molecules of the substance, 
ie., the dispersed particles, have size falling in the colloidal 
range. Such substances are called macromolecular colloids. 
The macromolecular substances are usually polymers 
with very high molecular masses. Examples of naturally 
occurring macromolecules are starch, cellulose, proteins, 
enzymes, and gelatin. 

Examples of man-made macromolecules are polyethylene, 
nylon, polystyrene, synthetic, rubber, etc. As these 


. Associated colloids (micelles): There are some substances 


which at low concentrations behave as normal strong 

electrolytes, but at higher concentrations exhibit colloidal 

behaviour due to the formation of aggregates. The 

aggregated particles thus formed are called micelles. These 

are also known as associated colloids. The formation of 
micelles takes place only above a particular temperature 
called Kraft temperature (Tą) and above a particular 
concentration called critical micelle concentration 

(CMC). On dilution, these colloids revert back to ions. 

Surface active agents such as soaps and synthetic 

detergents belong to this class. For soaps, the CMC ts 

10% to 10-3 mol L7!. These colloids have both lyophobic 
and lyophilic parts. Micelles may contain as many as 100 
molecules or more. 

Mechanism of micelle formation 

Micelles are generally formed by the aggregation 
of several ions or molecules with lyophilic as well 
as lyophobic parts. Let us take the example of soap 
solutions. Soap is a sodium or potassium salt of a higher 
fatty acid and may be represented as RCOO N® (e.g., 
sodium stearate CH,(CH,),,COO- Na®, which is a major 
component of many bar soaps). When dissolved in water, it 
dissociates into RCOO™’ and Na® ions. The RCOO> ions, 
however, consist of two parts—a long hydrocarbon chain 
R (also called non-polar “tail’) which is hydrophobic (water 
repelling), and a polar group COO (also called polar-ionic 
“head”’), which is hydrophilic (water loving). 


CH CH CY 
CHx /CHx CHa CHa CHA, JEN / fo ee 
O Na 
a NG ea CH2 CH2 CH2 CH2 CH2 
Sodium stearate (C17H3sCOOPN@”) piste 
Pl ' Hydrophilic 


CH CH CH CH 
Ga 3 he Yi ee SG 2 


JORG 


CH me ; head 
CHa JOURN ZONA Ne / 
CH2 O~’ 


CH2 


~w- 


CH2 


Hydrophobic tail, stearate ion 


a a T ici dP ek Hydrophilic 
A A E e head 


Hydrophobic tail 


Fig. 5.14 Hydrophobic 


The RCOO® ions are, therefore, present on the surface with 
their COO® groups in water and the hydrocarbon chains R 
staying away from it and remain at the surface. But at critical 
micelle concentration, the anions are pulled into the bulk of 
the solution and aggregate to form a spherical shape with their 
hydrocarbon chains pointing towards the centre of the sphere 
with COO® part remaining outward on the surface of the 
sphere. An aggregate thus formed is known as ionic micelle. 
These micelles may contain as many as 100 such ions. 
Similarly, in case of detergents. e.g., sodium laurylsulphate, 
CH,(CH,),,SO,°Na®, the polar group is -SO,°, along 
with the long hydrocarbon chain. Hence, the mechanism 
of micelle formation here also is same as that of soaps. 


A 
© 
O 

(b) 


Fig. 5.15 (a) Arrangement of stearate ions on the surface of water at low 


concentrations of soap 
(b) Arrangement of stearate ions inside the bulk of water (ionic 
micelle) at critical micelle concentrations of soap 


— 


Some other examples of micelle systems are as follows: 
i. Sodium lauryl sulphonate CH,[CH,],, SO,°Na® 
ii. Sodium oleate C,,H,,COO°Na® 
iii. Cetyl trimethyl ammonium bromide 
CH,(CH,), 3N®(CH,),Br° 
iv. p-Dodecyl benzene sulphonate 


Ciathas{O)—80P N® 


Cleansing action of soaps 

The cleansing action of soap is due to the fact that soap 
molecules form micelles around the oil droplet in such a 
way that the hydrophobic part of stearate ions is in the oil 
droplet and the hydrophilic part projects out of the grease 
droplet like the bristles (Fig. 5.16). 


and hydrophilic parts of stearate ion 


When a piece of cloth is dipped in aqueous soap Solution 
the soap and the dirt come in contact with each other. Tie 
non-polar end (tail) dissolves in the grease deposit while 
the polar end (—COO" of head) is directed towards wate; 
In this manner, each oil droplet is surrounded by a number 
of negatively charged carboxylate ions. Since similar 
charges repel each other, the oil droplets break up and form 
small droplets. These small droplets get dispersed in water 
forming an emulsion. The hand rubbing or the agitation due 


to washing machine causes dispersion of the oil or grease 


throughout the soapy water. These are washed away with 
water along with dust particles. In this way grease or dirt 
are removed from the surface of the cloth. 


(c) 
Fig. 5.16 (a) Grease on cloth, (b) stearate ions arranging around the greasé 
droplet, and (c) grease droplet surrounded by stearate ions (micelle formed) 
The important differences between multimolecular. 
macromolecular, and associated colloids are listed in Table 52. 


Table 5.9 Differences between multimolecular, macromolecula’ 
and associated colloids 


Multimolecular Macromolecular Associated 
colloids colloids colloids 
. They consist of They consist of | They behave as 
aggregates of atoms | large molecules | colloidal size 
or molecules which | (generally | particles at 
generally have polymers) higher 
diameter less concentrations. 
than | nm. 
. The atoms or The molecules They behave 
molecules are are flexible and as normal 
held by weak can take any shape. | electrolytes at 
van der Waals low 
forces. concentrations. 
. They have usually |They have usually | Their molecules 
lyophilic character. | lyophobic contain both 
character. lyophilic and 
‘ lyophobic groups: 


p 


f 


fe 


Nite 


e ‘ollows: 


<“ aaRATION OF COLLOIDAL SOLUTIONS 
ae 


} 0 hobic colloidal solutions (or sols) are generally 


io a differe nt types of methods. Some of the common 
d bY ows: 
f lyophilic sols: The lyophilic sols can be 
prep? 4 directly by mixing a substance with a dispersion 
repare For example, colloidal sols of starch, gelatin, 
ium 


med bi c, soaps, Cte., are prepared by simply dissolving 
gum ara stances in warm water. Similarly, a colloidal sol. 
these $ jose nitrate is obtained by dissolving it in an organic 
fee cach as ethyl alcohol. The product obtained is called 
s0 ve 


lodion of lyophobic sols: To get a substance in 


repa 


" loidal form either the substance in bulk is broken down 
collo 


"fine particles of colloidal dimension (1 A to 103 A) or 

i ging the size of molecular particles as to form larger 

an In some cases, a third substance is usually 

cue increase the stability of the sol. These substances 

ware stabilizers. Thus, there are two ways by which 

vophobic sols can be prepared. o 

i Dispersion methods: By splitting coarse aggregates of 
substance into colloidal size. 

i, Condensation methods: By aggregating very small 
particles (atoms, ions, Or molecules) into colloidal size. 

i. Dispersion or disintegration methods: The methods 
involves the breaking of bigger particles into colloidal 
size. The methods generally employed for this purpose 
are briefly described below. 

1. Mechanical disintegration: The mechanical 

disintegration is carried out in a machine called colloid 
mill. It consists of two steel discs with a little gap 
in-between and capable of rotating in the opposite 
direction at a very high speed (about 7000 revolutions 
per minute). Solid material is first finely ground by 
usual method. 
Itis then mixed with dispersion medium which gives a 
coarse suspension. The suspension is now introduced 
into the colloid mill. The particles are ground down 
to colloidal size and are then dispersed in the liquid. 
A stabilizer is often added to stabilize the colloidal 
solution. Colloidal graphite (lubricant) and printing ink 
are made by this method. Tannin is used as a stabilizer 
in the preparation of colloidal graphite and gum arabic 
in lampblack colloidal solution (Indian ink). 


This method is not suitable when the dispersion medium 
San organic liquid as considerable charring occurs. _ 
is method comprises both dispersion and condensation. 


Suspension 


2A 


>——<— Driving belt 


Fig. 5.17 Colloidal mill 
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‘ d: 
2. Electrical disintegration or Bredig’s Arc metho 


This method is employed for obtaining colloidal 


solutions of metal such as gold, silver, platinum, 
etc. In this method, an electric arc is struck between 
two metallic electrodes, immersed in the dispersion 
medium (Fig. 5.18). The intense heat produced 
vapourizes some of the metal, which then condenses to 
form particles of colloidal size. The colloidal sno 
prepared is stabilized by adding a small amount 7 
KOH to it. This process involves dispersion as We 


as condensation. 
+ Electrodes 


Dispersion 
medium 


Ice-bath 


Fig. 5.18 Bredig’s arc method 


3. Peptization: Peptization may be defined as the 


process of converting a precipitate into colloidal sol 
by shaking it with dispersion medium in the presence 
of a small amount of electrolyte. The electrolyte used 
for this purpose is called peptizing agent. This method 
is applied, generally, to convert a freshly prepared 
precipitate into a colloidal sol. 

A few examples of sols obtained by peptization are 
given below: 


e A reddish brown coloured colloidal solution is 
obtained by adding small quantity of ferric chloride 
solution to the freshly precipitated ferric hydroxide. 


e A precipitate of silver iodide can be peptized by 


shaking with a dilute solution of silver nitrate or 
KI. 


e On adding insufficient quantity of very dilute HCl 
solution to the freshly precipitated aluminium 


hydroxide, a sol of aluminium hydroxide is 
obtained. 


Causes of peptization: During peptization, the 
precipitate adsorbs one of the ion of the electrolyte 
on its surface. The adsorbed ion is generally common 
with those of precipitate. This causes the development 
of positive or negative charge on the precipitates, 
which ultimately breaks into particles of colloidal 
dimensions. For example, when freshly precipitated 
ferric hydroxide is shaken with aqueous solution 
of ferric chloride (peptizing agent), it adsorbs Fe3*. 
Similarly, a precipitate of AgCI on shaking with dilute 
solution of AgNO, adsorbs Ag® ion and get peptized 
to colloidal particles of the type [AgCl]Ag®. In some 
Cases, peptization can also be achieved by organic 
solvents. For example, cellulose nitrate is peptized by 


ethanol. The colloidal solution of cell é 
ulos 
ethanol is called colloidion. ie, 


L™ 
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ii. Condensation m 
particles of disperse 
colloidal size. This 1s 
1. By exchange of so 

or phosphorus prepare 
water, a colloidal solutio 


, ] 
is obtained due to low solubi 7 
are a number of substances whose colloidal solutions 


can be prepared by taking a solution of te REA 
in one solvent and pouring it into another solvent 1n 
which the substance is relatively less soluble. 

2. By change of physical state: Colloidal solutions of 
certain elements such as mercury and sulphur are 
obtained, passing their vapour through cold water 
containing a stabilizer (an ammonium salt or a 


citrate). 
3. Chemic 

chemical reactions in a 

dispersed phase is sparingl 

of super-saturation is pro 
precipitation is avoided. 

e Double decomposition: A colloidal solution of 
arsenic sulphide is obtained by passing hydrogen 
sulphide into a solution of arsenic oxide in 
distilled water. 

As,O, + 3H,O0 —> As,S, (yellow sol) + 3H,O 
Sols of silver halide are obtained by mixihg dilute 
solutions of silver salts and alkali metal halides 
in equivalent amounts. 

NaCl + AgNO, —> AgCl + NaNO, 

e Oxidation: A colloidal solution of sulphur can 
be prepared by passing hydrogen sulphide into a 
solution of sulphur dioxide in water or through 
a solution of an oxidizing agent such as bromine 
water or nitric acid. 

SO,+ 2H,S —> 2H,0 + 3S (sol) 

Sulphur sol can also be obtained when H,S is 
bubbled through an oxidizing agent (bromine 
water or nitric acid). 

e Reduction: A colloidal solution of a metal such 
as silver, gold, or platinum can be prepared by 
the reduction of its salt solution with a suitable 
reducing agent such as stannous chloride, 
formaldehyde, hydrazine, etc. 
2AuCl, + 3SnCl, —> 2Au (Gold sol) + 3SnCl, 
bes +N,H,—> 4Ag (Silver sol) +N, + 4HCI 

PtCl, + 4SnCl, —> 4SnCl, + 2Pt(sol) 


e Hydrolysis: By this method hydroxide sols of less 
electropositive metals such as Fe, Al, or Sn are 
prepared. A red sol of ferric hydroxide is obtained b 
the hydrolysis of ferric chloride with boiling wae 


F 
eCl, + 3H,0 —> Fe(OH), (Red sol) + 3HC] 


- In these methods, 
eres condensed suitably to oe 
done by the following methods: 
Ivent: If a solution of sulphur 
d in alcohol is poured into 
n of sulphur or phosphorus 
ity in water. Thus, there 


al methods: The chemical method involves 
medium in which the 


y soluble. A condition 
duced but the actual 


5.5.3 
PURIFICATION OF COLLOIDAL SOLUTIONS 
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impurities 
i ities to 

these impurities ee 

colloidal solution. The purificati 


e is essential for the stability 
ties coagulate it. It is, 
ration of these soluble 
used for reducing 
te minimum is known as purification of 
f colloidal solution 1s carried 


lyt 
aces of electro , 
arger quanti 
the concent 


ence of tr 
olution but I 


to arequ ke? 
a requis! 


‘no methods: 
out by the a eee of separating the particles of colloid 
i PAT e e of crystalloids by means of diffusion through a 
from thos Iled dialysis. Its principle is based 


embrane is ca , 
he fact that colloidal particles cannot pass through a 


hile the ions of th 
llophane membrane Wh © OF the 
parent or elas The coloidal solution i 


de of cellophane or parchment. The bag 
eee he = impurities slowly diffuse 
is 


n fresh water. The 1 | / 
out of the bag leaving behind pure colloidal solution. The 
distilled water is changed freq 


uently to avoid accumulation 
of the crystalloids otherwise they may start diffusing back 
into the bag. Dialysis can be used for removing HCI from 
the ferric hydroxide sol. The method 1s shown in Fig. 5.19, 
Dialysing 
membrane 


es a a Eere —> Water 

=:=4 0 0 Ei- j 

eonia eiee Electrolyte 
Water EEEH | ARS Sol particle 
—> = cn fee oe Se 


Crystalloid 
` Fig. 5.19 Dialysis 


In humans, kidneys perform dialysis in order to purify blood 
which is of colloidal nature. The most important application 
of dialysis process is the artificial kidney machine used for 
the purification of blood of the patients whose kidneys have 
failed to work. 


b. Electro-dialysis: Ordinarily, the process of dialysis 1s 
quite slow. It can be made faster by applying an electric 
field if the dissolved substance in the impure colloidal 
solution is only an electrolyte. The process is then named 
electrodialysis. The colloidal solution is placed in a bag 
of suitable membrane while pure water is taken outside. 
Electrodes are fitted in the compartment as shown in Fig. 
5.20. the ions present in the colloidal solution migrate out 
to the oppositely charged electrodes. i 

Dialysing 

membrane 


=r Electrolyte 
Er E Cathode 


Sol particle Crystalloid 
Fig. 5.20 Electrodialysis 


c. Ult ion: ; 
i eea Ultrafiltration is the process of separating 
particles from the solvent and soluble solutes 


| 
} 
| 


| Se E E EEA =< 


rT colloidal solution by specially prepared filters 
| se ermeable to all substances except the colloidal 
wt? ar colloidal particles can pass through ordinary filter 
pti „use the pores are too large. However, the pores 
pape! aper can be reduced in size by impregnating with 
of ter solution to stop the flow of colloidal particles, 
lit? | colloidion is a 4% solution of nitrocellulose in a 
fhe a of alcohol and ether. An ultra-filter paper may be 
mixtU by soaking the filter paper in a colloidion solution, 
pin g formaldehyde and then finally drying it. Thus, by 
har ultra-filter paper, the colloidal particles are separated 
A the rest of materials. Ultrafiltration is a slow process. 
„ speed UP the process, pressure or suction is applied. 
o colloidal particles left on the ultra-filter paper are then 
sired with fresh dispersion medium (solvent) to get a pure 

| colloidal solution. | 
titracentrifugation: In this method, the colloidal solution 
f place dina high-speed ultracentrifuge. On centrifuging 
ihe colloidal particles settle down. The impurities remain 
in the dispersion medium and are removed by decantation. 
The settled colloidal particles are shaken with water containing 


peptizing agent to form the colloidal solution again. 


5,4 PROPERTIES OF COLLOIDAL SOLUTIONS 
the characteristic properties of colloidal solutions are as given 
below. 


i physical Properties 


a, Heterogeneous nature: A colloidal solution is heterogeneous 
in nature. It consists of two phases namely, the dispersed 
phase and the dispersion medium. 

Visibility: Colloidal particles are too small to be seen with 

naked eye, but they become visible as bright spots against 

dark background when viewed through an ultra microscope 
due to scattering of light caused by them. 

. Filterability: The size of solute particles is smaller than 
the pore size of filter paper, and therefore, they can readily 
pass through a filter paper. Colloidal particles, however, 
cannot pass through ultra filters, parchment paper, or animal 
membrane. | 
Surface tension and viscosity: The surface tension and 
Viscosity of lyophobic sols are not very different from those 
of the dispersion medium. On the other hand, lyophilic 
sols show higher viscosity and lower surface tension 1n 
comparison to the dispersion medium. — 

: Colligative properties: A colloidal solution has very small 
value of mole fraction of dispersed phase due to high average 
molecular mass of the colloidal particles. As a result of all 
the colligative properties, colloidal solutions have quite 
low values when compared to true solutions, having same 
Concentration, However, the low osmotic pressure of a 
colloidal solution is measurable and can be used to determine 
the molecular weight of colloidal particles. 


odi 


a 


> 
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*chanical Properties 


å Brownian movement: The colloidal particles of a colloidal 


Solution when viewed through an ultramicroscope show 


T aN 
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a constant zig-zag motion. This type of motion was first 
observed by Robert Brown and is known as Brownian 
movement (Fig. 5.21). This motion is independent of the 
nature of the colloid but depends on the size of the particles 
and the viscosity of solution. Smaller the size and lesser the 


viscosity, faster is the motion. The motion becomes intense 
at higher temperature. 


as 


l A 


Fig. 5.21 Brownian movement 


Cause of Brownian movement 

The Brownian movement is due to the unbalanced 
bombardment of the particles by the molecules of the 
dispersion medium. As the size of the particles increases, 
the probability of uneven bombardment decreases and 
the Brownian movement becomes slow. The Brownian 
movement has a stirring effect which does not permit the 
particles to settle and, thus, is responsible for the stability 
of sols. 


Importance of Brownian movement 


i. Brownian movement provides a direct demonstration of 
ceaseless motion of molecules as postulated by kinetic 
theory. 


i. It counters the force of gravity acting on colloidal particles 
and hence helps in providing stability to colloidal sols by 
not allowing them to settle down. 


b. Diffusion: colloidal particles such as solute particles of true 
solution diffuse from a region of higher concentration that 
of lower concentration. However, colloidal particles diffuse 


at a slower rate due to their large size and high molecular 
mass. 


c. Sedimentation: The colloidal particles tend to settle 
_ down very slowly under the influence of gravity. The 


sedimentation or the rate of settling down can be increased 
by ultracentrifuge. 


Optical Properties: Tyndall Effect 


The scattering of light by the colloidal particles in a colloidal 
solution is known as Tyndall effect as it was first observed by 
Faraday and later studied in detail by Tyndall. Tyndall effect is caused 
by the scattering of blue part of light by the colloidal particles. 


Ifa strong beam of light is passed through a colloidal solution 
placed in dark place, the path of the beam gets illuminated. The 
illuminated path of beam is called Tyndall cone (Fig. 5.22. 


The scattering is caused if the size of particles is of the order 
of wavelength of light. The same effect is not observed when 


the light is passed through a true solution as the size of solution 


particles is too small to cause any scattering. 
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Microscope 


Scattered light 


Tyndall cone 


Colloidal solution 
Fig. 5.22 Tyndall effect 


Tyndall effect can be observed during the projection of 
picture in the cinema hall due to scattering of light by dust and 
smoke particles present there. Tyndall effect is observed only when 
the following two conditions are satisfied: 

a. The diameter of the dispersed particles is not much smaller 
than the wavelength of the light used. 

b. The refractive indices of the dispersed phase and the 

dispersion medium must differ greatly in magnitude. This 
condition is satisfied by lyophobic sols. The lyophilic 
sols show little or no Tyndall effect as there is very small 
difference in the refractive indices of the dispersed phase 
and the dispersion medium. 
Zsigmondy, in 1903, used Tyndall effect to set up an 
apparatus known as ultramicroscope. An intense beam of 
light is focussed on the colloidal solution contained in a 
glass vessel. The focus of the light is then observed with a 
microscope at right angles to the beam. Individual colloidal 
particles appear as bright stars against a dark background. 
Ultramicroscope does not render the actual colloidal 
particles visible but only observe the light scattered by them. 
Thus, ultramicroscope does not provide any information 
about the size and shape of colloidal particles. 


c. The colour of colloidal solution depends on the wavelength 
of light scattered by the dispersed particles. The wavelength 
of light further depends on the size and nature of the 
particles. The colour of colloidal solution also changes with 
the manner in which the observer receives the light. For 
example, a mixture of milk and water appears blue when 
viewed by the reflected light and red when viewed by the 
transmitted light. Finest gold sol is red in colour; as the size 


of particles increases it appears 
, pears purple, then b andi 
golden. purple, then blue, and finally 


Electric Properties 


The colloi i 
olloidal particles always carry an electrical charge. The 
on all the particles in a given colloidal 
ositive or negati 
a | p egative. The presence 
B€ IS responsible for the Stability of these soliton It ne 


k : particle ; 
dispersion medium has no charge S carry some charge while the 


A list of some commo 


: n i 
there particles is given in Sols with the nature of charge on 
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Positively charged sols Negatively charged mi 


e Metals, €B., copper, Silvey 


e Hydrated metallic oxides, 
gold sols 


e.g., Al,0,'xH,0, CrO, xH,O, 
and Fe,0,xH,O0 

e Basic dye stuffs, ¢.8-, 
methylene blue sol 
Haemoglobin (blood) 


e Metallic sulphides, e.g. 
Acid dye stuffs, e.g. Eosin 


congo red sols | 


ə Oxides, e.g., TiO, sol e Sols-of starch, gum, gelatin, 
clay, charcoal, etc. 


ee 


Origin of charges: The charges on the sol particles is dye ty 
various reason. Some of these are as follows: 
a. Due to frictional electrification: The mutual rubbing Of the 
dispersed phase particles with that of dispersion medium 
results in some charge on the colloidal particles. 


b. Due to dissociation of surfactants: For example, 
dissociation of soap (sodium palmitate) results into ions a. 


C,H,,COONa == C,,H,,;COO® + Na® 


The cation (Na®) pass into solution while anion 
(C ,H,,COO®°) aggregates due to weak attractive forces 
present in the hydrocarbon chains. 

c. Due to preferential adsorption of ions from solution or 
due to formation of electrical double layer: Preferential 
adsorption of ions is the most accepted reason. The sol 
particles acquire positive or negative charge by preferential 
adsorption of positive or negative ions. When two or mor 
ions are present in a dispersion medium, preferential 
adsorption of a ion common to the colloidal particle usualy 
takes place. This can be explained by taking the followm 
examples: 


i. When silver nitrate solution is added to potassium iodt® 
solution, the precipitated silver iodide adsorbs io? 
ions from the dispersion medium and negatively char 
colloidal solution results. However, when KI solution 
added to AgNO, solution, positively charged sol resuls 
due to the adsorption of Ag® ions from dispers? 


medium. 
Agl/1° AgV/Ag® 
Negatively charged Positively charged 


[© ions remain in 
dispersion medium 


Ag+ ions remain in 
dispersed medium 


Agl I” Sol 


Agl Ag® Sol 


Fig. 5.23 Selective adsorption of ions | 
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due to the 
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A f 5 ail of hydrated ferric oxide is formed 
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| c ption of Fe?* ions. However, when ferri 
e ad to NaOH a negatively charged sol į 


adsorption of OH?® ions. 
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Fe,03 Fe,0,xH,O/0H® 
positively charged Negatively charged 
inetic potential or zeta potential 
) "wiring a positive or a negative charge by selective 
aier 2 nonthe surface of a colloidal particle, this layer attracts 
a cons from the medium forming a second layer, as shown 
e 
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Fig 5.24 Formation of electric double layer 


The combination of two layers of opposite charges around 
,colloidal particle is called Helmholtz electrical double layer. 
ycording to modern views, the first layer of ions is firmly held 
ndis termed fixed layer while the second layer is mobile which 
semed diffused layer. Since separation of charge is a seat of 
rotential, the charges of opposite signs on the fixed and diffused 
sats of the double layer result in a difference in potential between 
iese layers. This potential difference between the fixed layer and 
de diffused layer of opposite charges is called the electrokinetic 
miential or zeta potential. 


The presence of equal and similar charges on colloidal 
xricles is largely responsible in providing to the colloidal 
‘olution, because the repulsive forces between charged particles 
iaving same charge prevent them from coalescing or aggregating 
wien they come closer to one another. 

The electrical properties of colloidal solutions are related 
ith two phenomena: 

i Electrophoresis 
ü. Electro-osmosis 


i Electrophoresis: The existence of charge on colloidal 
particles is determined by electrophoresis experiment. In 
this experiment when electric potential 1s applied across 
two platinum electrodes dipping in a colloidal stents 
the colloidal particles move towards positive eee ns 
electrodes depending upon their charge under the influe 
of electric field. 

The phenomenon of the move 
under an applied electric field is called ne 
Positive charged particles move towards a aes idee 
negatively charged particles move towards en Saad 
by observing the direction of movement i OEA 
Particles, the sign of the charged carried by the p 

can be determined. a, 
These can be demonstrated by the following experimenta 


Setup (Fig. 5.25). 
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Fig. 5.25 Electrophoresis setup 


ii. Electro-osmosis: Electro-osmosis may be defined as a 
phenomenon in which the molecules of the dispersion 
medium are allowed to move under the influence of an 
electric field whereas colloidal particles are not allowed to 
move. 


urea reer — 


Semi-permeable membrane 


Fig. 5.26 Electro-osmosis 


The electro-osmosis can be observed by a simple apparatus 
as shown in Fig. 5.26. The colloidal solution is placed in a 
compartment A separated from compartments B and C by 
semi-permeable membranes D and D’. The compartments 
B and C are filled with water up to the marks indicated by 
the side arms. When a potential is applied across the two 
electrodes placed near the membranes in B and C, the liquid 
level is observed to fall on one side and rise on the other 
side due to the passage of water through membranes D and 
D". The direction of the flow of water depends on the charge 
of the colloid. For positively charged sols, the medium is 
negatively charged, and hence the flow will take place from 
C to B. On the other hand, for negatively charged sols, the 
reverse will occur and the level on the C side will rise. 


5.5.5 COAGULATION OR PRECIPITATION OR 
FLOCCULATION OF COLLOIDS 


The stability of lyophobic sols is due to the presence of charge 
on colloidal particles. If, somehow, the charge is removed, the 
particles will come nearer to each other to form aggregates 


a © Ve 
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s per litr 
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ettle down under the force of gravity. The 
process of settling of colloidal particles is called coagulation or. 
precipitation of the sol. The coagulation of the lyophobic sols can 
be carried out in the following ways: 
a. By electrophoresis: The colloidal p 
oppositely charged electrodes and get discharge 
precipitated. 


b. By mixing two oppositely i 
charged sols when mixed in almost equal proportions, 


neutralize their charges and get partially or completely 
precipitated. Mixing of hydrated ferric oxide (+ve sol) and 
arsenious sulphide (—ve sol) brings them in the precipitated 
forms. This type of coagulation is called mutual coagulation. 
By boiling: When a sol is boiled, the adsorbed layer is 
disturbed due to increased collisions with the molecules 
of dispersion medium. This reduces the charge on the 
particles and ultimately lead to settling down in the form 


of a precipitate. 

d. By persistent dialysis: On prolonged dialysis, traces of the 
electrolyte present in the sol are removed almost completely 
and the colloids become unstable and ultimately coagulate. 
By addition of electrolytes: When excess of an electrolyte 
is added, the colloidal particles are precipitated. The reason 
is that colloids interact with ions carrying charge opposite 
to that present on themselves. This causes neutralization 
leading to their coagulation. The ion responsible for the 
neutralization of charge on the particles is called the 
coagulating ion. A negative ion causes the precipitation of 
positively charged sol and vice versa. 


(or coagulate) and s 


articles move towards 
d and 


charged sols: Oppositely 


Hardy Schulze Rule 

The coagulation capacity of different electrolytes is different. It 
depends upon the valency of the active ion or called flocculating 
ion which is an ion-carrying charge opposite to the charge on the 
colloidal particles. According to Hardy Schulze rule, greater the 
valency of the active ion or flocculating ion, greater will be its 
coagulating power. Thus, according to Hardy Schulze rule: 

a. The ions carrying the charge opposite to that of sol particles 
are effective in causing coagulation of the sol. 

b. The coagulating power of an electrolyte is directly 
proportional to the fourth power of the valency of the active 
ions (ions causing coagulation). Greater is the valency of 
the oppositely charged ion of the electrolyte being added, 
faster is the coagulation. For example, to coagulate negative 
sol of As „S, the coagulating power of different cations has 
been found to decrease in the order as: 

A*t > Mg?* > Na? 
Similarly, to coagulate a positive sol such as Fe(OH),, the 
coagulating power of different anions has been found to 
decrease in the order. 
[Fe(CN),]* > PO = 50,4 > CP 
The minimum concentration of an electrolyte which is 
required to cause the coagulation or flocculation of a sol is known 
as coagulation value or flocculation value. It is usually expressed 


for the coagu 


harged As,S; S l | 
alues (in millimole/litre) of common 


millimoles per litre) ol are given in Table 5.10. 


sol and negatively c 
Table 5.10 Flocculating V 
electrolytes 


Flocculating 


lyte Active ion 
coins (anion) value 
(millimole per litre) 
Ferric hydroxide (+) sol | 
CIO 103 | 

KCI | i | 
KBr Br~ 8 | 
K,SO SO,” 0.210 | 

aP | 
Na,C,0, Co 0.238 

a is 

K,[Fe(CN),] [Fe(CN)6] 0.096 | 
Arsenic sulphide (+) sol 
NaCl Na® 5] 
KCI K® 50 
MgSO, Mg” 0.72 
BaCl, Ba?* 0.69 
AICI, Alt 0.093 


Table 5.10 shows that the coagulating power is inversely 
proportional to coagulation value or flocculation value. 
The relative coagulating powers may be compared as: 
Coagulating power of electrolyte l 
Coagulating power of electrolyte 2 
Coagulating value of electrolyte 2 
7 Coagulating value of electrolyte 1 
For example, for coagulation of negatively charged As,S, sol 
Coagulating power of AlCl, 
Coagulating power of NaCl 


= Coagulating value of NaCl S51 _ 548 
Coagulating value of AICI, ~ 0.093 — 
Thus, AICI, has 548 times more coagulating power than 
NaCl. 


x2 mol =2 mmol 


2 mL of 1 MKBr contains KBr = 
1000 


Thus, 10 mL of Fe(OH), sol requires KBr for complet? 
coagulation = 2 mmol 

` LL, i.e., 1000 mL, of the sol requires KBr for comple? 
coagulation = 200 mmol 


Hence, flocculation value of KBr = 200 
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lati P actors which are responsible for the stability of 
| pee’ n These factors are the charge and solvation of the 
‘iC 5 ticles When these two factors are removed, a lyophilic 

Me vagulated This is done (a) by adding an electrolyte and 
alee? me a suitable solvent. When solvents such as alcohol and 
h by ad added to hydrophilic sols, the dehydration of dispersed 
atone . Under this condition, a small quantity of electrolyte 


| phase spout coagulation. 
I j gs 
j proTECTION OF COLLOIDS 
6 < sols are more stable than lyophobic sols. This is due 


G ha p . | com . i 
ca that lyophilic colloids are extensively solvated. j e 
è > 5 . “5 
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0M oa rticles are covered by a sheath of the liquid in which 
p dispersed. 

MA vaphilic colloids have a unique Property of protecting 
| itic colloids. When a lyophilic sol is added to the lyophobic 
; “ wvophilic particles form a layer around lyophobic particles 
r oe protect the latter from electrolytes. Lyophilic colloids 
a yr this purpose are called protective colloids. 

sal number: The lyophilic colloids differ in their protective 
sewer, The protective power 1s measured in terms of gold number 
-z is defined as the number of milligrams of a lyophilic colloid 
o will just prevent the precipitation of 10 mL of a gold sol on 
.. addition of 1 mL of 10% sodium chloride solution. 


~ gold number of a few protective colloids is as follows: 


§. No. Protective colloid | Gold number 
~ Gelatin © 0.005-0.01 
2. Haemoglobin | 0.03 
3. Gum arabic | 0.15 
4 Egg albumin 0.08—0.10 
5 Potato starch | 25 
6. Sodium oleate 0.4 
7 Gum tragacanth 2 
g. Starch 25-50 


lt may be noted that smaller the value of the gold number, 
zaa will be the protecting power of protective colloids. 
Therefore, the reciprocal of gold number is a measure of the 
*S2Aive power of the colloid. Thus, out of the list given above, 
=n is the best protective colloid. 
Congo rubin number: The protective action of a lyophilic 
loid jg sometimes expressed in terms of congo rubin number, 
“SUggested by Ostwald. It is defined as the minimum amount of 
if oe colloid in milligrams that prevent the colour ae 
100 mL of 0.01% congo rubin dye to which 0.16 g equivalent 
"KCl is added. 


K, addition of 1 mL solution of 10% NaCl to 10 mL gold sol 
" the Presence of 0.0250 g of starch, the coagulation 185 just 


Prevented, What is the gold number of starch? 


Amount of starch in mg that prevent coagulation by | mL 
of 10% NaCl solution = 0.025 x 1000 = 25. 


Hence, gold number = 25. 
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5.5.7 COLLOIDS AROUND US 


Most of the substances we come across in our daily life are colloids. 
The meals we eat, the clothes we wear, the wooden furniture we 
use, the houses we live in, the newspapers we read, are largely 
composed of colloids. 


Following are the interestin g and noteworthy examples of colloids: 

a. Blue colour of the sky: Dust particles along with water 
suspended in air scatter blue light which reaches our eyes 
and the sky looks blue to us. 

b. Fog, mist, and rain: When a large mass of air containing dust 
particles is cooled below its dewpoint, the moisture from the 
air condenses on the surfaces of these particles forming fine 
droplets. These droplets being colloidal in nature continue 
to float in air in the form of mist or fog. Clouds are aerosols 
having small droplets of water suspended in air. On account of 
condensation in the upper atmosphere, the colloidal droplets 
of water grow bigger and bigger in size till they come down 
in the form of rain. Sometimes, the rainfall occurs when two 
oppositely charged clouds meet. 

It is possible to cause artificial rain by throwing electrified 
sand or spraying a sol carrying charge opposite to the one 
on clouds from an aeroplane. 

c. Food articles: Milk, butter, halwa, ice-creams, fruit juices, 
etc., are all colloids in one form or the other. 


d. Blood: It is a colloidal solution of an albuminoid substance. 
The styptic action of alum and ferric chloride solution is due to 
coagulation of blood forming a clot which stops further bleeding. 

e. Soils: Fertile soils are colloidal in nature in which humus 
acts as a protective colloid. On account of colloidal! nature, 
soils adsorb moisture and nourishing materials. 

f. Formation of delta: River water contains charged colloidal 
particles of clay, sand, and many other materials. Sea water 
is a very big store house of a variety of electrolytes dissolved 
in it. As soon as river water comes in contact with sea water, 
the electrolytes present in sea water coagulate the suspended 
colloidal particles which ultimately settle down at the point 
of contact. Thus, the level of the river bed rises. As a result. 
water adopts a different course and delta is formed in due 
course of time (Fig. 5.27). 


Sand and clay 


Ltl ANVAN NS particles 
FERRA Kaavaa ~Oaonlated ; 
a NUNN coagulated by 
ee LAT NNN salte af 
R 
Stet MP NNNNANA salts of 
a AUA) AAAS sea water 
titititi ENY SA NA 


-— > e æ - . . 
= u ~ l ew we eee eee oe 
= D © a o a a e a u 
= © o o ~a e a m a w m a 
: Ų = a = @ @ we we w oa | 
eee 
= = = æ — = — =. = 
a ws ka aAa a a T a 
Si - = = æ ee ew 
Doa ver a Tae eS u e o we a l ee ee a ot ag 
-——s em ew ewe ew ee ee oa — — = 
die’, sien tea ees Fas —-— æ æ ee n m 
— wes e o e o uw anma a R 
- = See ee ee = u = e m ee m m a SA ee a s 
- = — = ou 
= æ = ow w 


- = =æ æ æ æ ee 
— =e æ e e ee a =r =e -a e ee es eo eo ow 
- = y =e æ — | — œ | | 
_- = on Å e e Oo 
- pa 


Fig. 5.27 Formation of delta 
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5.5.8 APPLICATIONS OF COLLOIDS 

used in the industry. Following ie 
ke: Smoke is a colloidal 
as carbon, arsenic 
comes oul 


Colloids are widely are some examples: 
a. Electrical precipitation of smo 
solution of solid particles such a 
compounds, dust, etc.. in air. The smoke, before it ppi 

from the chimney. is led through a chamber containing P : s 
having a charge opposite to that carried by smoke ‘sei a 
The particles on coming in contact with these plates i 
their charge and get precipitated. The particles thus settle 
down on the floor of the chamber. The precipitator 1s called 


Cottrell precipitator (Fig. 5.28). 
High voltage —— 
electrode 
30000 volts or 
mare ——> Gases free 
from carbon 
particles 
Smoke —> 
Precipitated 
ash 


Fig. 5.28 Cottrell smoke precipitator 


b. Purification of drinking water: The water obtained from 
natural sources often contains suspended impurities. Alum 
is added to such water to coagulate the suspended impurities 
and make water fit for drinking purposes. 

c. Medicines: Most of the medicines are colloidal in nature. 
For example, argyrol is a silver so] used as an eye lotion. 
Colloidal antimony is used in curing kala azar. Colloidal 
gold is used for intramuscular injection. Milk of magnesia an 
emulsion. is used for stomach disorders. Colloidal medicines 
are more effective because they have large surface area and 
are therefore easily assimilated. 

d. Tanning: Animal hides are colloidal in nature. When 
2 hide. which has positively charged particles, is soaked 
in tannin. which contains negatively charged colloidal 

particles, mutual coagulation takes place. This results in 
the hardening of leather. This process is termed as tanning. 
Chromium salts are also used in place of tannin. 

e. Cleansing action of soaps and detergents 

f. Photographic plates and films: Photographic plates or films 
are prepared by coating an emulsion of the light- sensitive 
silver bromide in gelatin over glass plates or celluloid films. 

g. Rubber industry: Latex is a colloidal solution of rubber 
particles which are negatively charged. Rubber is obtained 
by coagulation of latex. 

h. Industrial products: Paints, inks, synthetic plastics, rubber, 
graphite lubricants, cement, etc., are all colloidal solutions. 


5.6 EMULSIONS 


Emulsions are colloidal solutions in which both the dispersed 
phase and dispersion medium are liquids. It can be defined as the 


ee TN a 
finely divided droplets in another liquid. Any bi 


ds can form an emulsion. For example, milk i 
g emulsion in which the particles (or globules 
jispersed in water. 

Emulsions are generally prepared by vigorously shaking 7 


le or partially miscible liquids, through a colloid mill, Calley 
Ily, one of the two liquids is water, 


dispersion of 
immiscible liqui 
naturally occurrin 
of liquid fats are ¢ 


immiscib 
the homogenizer. Genera 


5.6.1 TYPES OF EMULSIONS 


Emulsions are mainly of two types: 

Oil-in-water-type emulsions (O/W type): In this type op 

emulsion, oil is the dispersed phase and water is the dispersion 

medium. For example, milk, vanishing cream, etc, 

b. Water-in-oil-type emulsions (W/O type): In this type 
of emulsion, water is the dispersed phase and oil is the 
dispersion medium. For example, butter, cod liver oil, cold 


a. 


cream, etc. 
Oil 


Oil in water 


Fig. 5.29 Types of emulsions 


Emulsions of oil and water are unstable and sometimes on 
standing they separate into two layers. For the stabilization 
of an emulsion, a third component called emulsifying agent 
is usually added. The emulsifying agents form an interfacial 


film between suspended particles and the medium. The 
principal agents for O/W emulsions are proteins, gums. 


natural and synthetic soaps, etc. For W/O emulsions. the 


principal emulsifying agents are heavy metal salts of fatty 


acids, long chain alcohols, lamp black, etc. 


Role of an Emulsifier 


The stabilization of an emulsion by means of emulsifier ts calle 


emulsification. 


The main function of the emulsifier is to reduce the interfac 


tension between the two liquids forming the emulsion. Emuls! 
are generally long-chain molecules having polar groups. 


The role of an emulsifier can be explained by takin 


fers 


g he 


example of soap as an emulsifier. As already studied, the soaps 

are sodium or potassium salts of higher fatty acids such as sodiu! 
{ if: » ` ` ’ E ` ~ ~ ‘ A 

palmitate (C,H, COONa), sodium stearate (C, 7H, s¢ OONA): 


Ly Ga » c € N ` ‘ f 
molecule of soap consists of two parts: hydrocarbon non-pol 


| and th 


part (e.g, Cyst), Cittys, ete.) which is soluble in oi 
polar group ( COO Na*’) which is soluble in water. 
R COO Na® 


When a drop of oil is surrounded by soap solution, R- 
the soap remains in oil and the COOYNa® part remains in W 
shown in Fig. 5.30. As a result, soap molecules get cone 
over the surface of the drop of oil and, therefore, form p 
film around each oil drop. As a result, the interfacia 


ater ® 
entrat? 
rotecti” 
| tensio” 
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parto! 
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“i ihe emulsion 
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j water decreases, and therefore, they are intermixed 
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Fig 5.30 Role of soap as an emulsifier 


Emulsions can be diluted with any amount of the dispersion 


„ium On the other hand, the dispersed liquid when mixed forms 


ate layer. The droplets in emulsions are often negatively 


saree and can be precipitated by electrolytes. They also show 
zownian movement and Tyndall effect. Emulsions can be broken 
sto constituent liquids by heating, freezing, centrifuging, etc. 


56.2 IDENTIFICATION OF EMULSIONS 


Te oil-in-water and water-in-oil emulsions can be identified by 
ġe following tests: 


a. 


(a 


Se 


Microscopic method: To a small amount of the given 
emulsion, a few drops of water are added. The water will 
mix completely if the emulsion is of oil-in-water type. 
Likewise, for the water-in-oil emulsion the miscibility with 
afew drops of oil can be tested. The miscibility can be seen 
under a microscope. 


. Conductance method: This method is based upon adding 


a small amount of an electrolyte to the emulsion. If the 
conductance increases, the emulsion is oil-in-water type 
and if there is no significant change, it is water-in-oil type. 
Dye method: A small amount of oil-soluble dye is added 
to the emulsion. If it is water-in-oil type, it becomes deeply 
coloured, otherwise it remains colourless. 


16.3 PROPERTIES OF EMULSIONS 
Following are the characteristic properties of emulsions: 


a, 


Emulsions exhibit all the properties such as Tyndall effect, 
Brownian movement, electrophoresis, coagulation on the 
addition of electrolytes (containing multivalent positive 
ions, as the dispersed particles, i.e., globules are usually 
negatively charged) as shown by colloidal sols. 


+ The size of the dispersed particles in an emulsion is larger 


than those in the sols. It ranges from 100 A to 10000 A. 


‘ Emulsions can be broken to yield the constituent liquid 


by heating, centrifuging, by adding larger amounts of 
the electrolytes to precipitate out the dispersed phase, or 
by chemical destruction of the emulsifying agent. The 
Separation of cream from milk is a well-known example of 
centrifuging. 

The process of breaking an emulsion to yield the constituent 
liquids is called demulsification. 


5.6.4 APPLICATION OF EMULSIONS 


Emulsions are useful in a number of way. A few of the applications 
are given below. 

a. In the metallurgical processes, the concentration of ore by 
froth floatation process is based upon the treatment of the 
powdered ore with oil emulsion. The valuable particles of the 
ore form foam which comes to the surface and is skimmed 
off. 

. b. Asphalt emulsified in water is used for building roads 
without the necessity of melting the asphalt. 

c. Milk which is an important constituent of our diet is an 
emulsion of liquid fats in water. 

d. Several oily drugs are prepared in the form of emulsions. 

e. The cleansing action of ordinary soap for washing clothes, 
crockery, etc., is based upon the formation of oil-in-water 
emulsion. 

f. The digestion of fats in the intestine takes place by the 
process of emulsification. A small amount of the fat reacts 
with the alkaline solution present in the intestine to form 
a sodium soap. This soap causes the emulsification of the 
rest of the fat thereby making the function of the digestive 
enzymes easier in carrying out the metabolic processes. 


5.6.5 HARMFUL EFFECTS OF EMULSIONS 


The formation of emulsions is sometimes harmful. For example, 
petroleum forms emulsion with water. Thus, in the petroleum 
wells, we get an emulsion sometimes instead of petroleum alone. 
Likewise, in the area where small amounts of petroleum are 
present, the well water becomes unfit for use. 


5.7 GELS 


A gel is a colloidal system in which a liquid is dispersed in a solid. 
Under certain conditions, the lyophilic sols may be coagulated 
to give a semi-solid jelly-like mass which encloses all the liquid 
present in the sol. The process of gel formation is called gelation 
and the colloidal system formed is called ge/. The common 
examples of gel are: gum arabic, gelatin, processed cheese, silicic 
acid, ferric hydroxide, etc. 

Gels are formed by the interlocking of the particles of solid 
dispersion medium in the form ofa loose framework inside which 
liquid (dispersed phase) is contained. 

When the gel is allowed to stand for a long time, it shrinks 
and loses the entire liquid held by it. This shrinking of gel is termed 
as syneresis OY weeping. 

Gels may be classified into two types: 

a. Elastic gels 
b. Non-elastic gels 


The main points of difference between the two are as follows: 
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Non-elastic gels _ 

a. Gels which do not 
possess the property 
of elasticity, i.e., 
they change into solid 
mass on dehydration 
which becomes rigid 
and cannot be converted 
into the original form by 
heating with water. 

b. They do not show the 

phenomenon of 

imbibition. 


a. Gels which possess the 
property of elasticity, i.e., 
they change to dehydratic 
solid mass which can 
again be converted 
into gel by addition 

of water followed 

by heating and cooling. 


. When placed in contact 
with water they absorb 
water and swell. This 
property is called 
imbibition. 

c. Examples include gelatin, 

agar-agar, starch, etc. 


c. Most common example 
is silicic acid. 


Thixotropy: Some gels, such as gelatin, on mechanical shaking 
lose their semi-solid gel-like character and change into a liquid 
sol. This sol on standing again changes into gel. This phenomenon 


is known as thixotropy. 
5.7.1 LYOTROPIC SERIES OR HOFMEISTER SERIES 


When a gel is placed in a suitable liquid, it absorbs a large volume 
of the liquid. The phenomenon is called imbibition or swelling. 
The effect of the presence of salts on swelling was studied by 
Hofmeister (1891). He found that for the salts of the same cation 
(e.g. Na®) the effect of certain other anions was to inhibit the 
imbibition while that of certain other anions was to favour the 
imbibition. For example in case of iodides, the swelling is so high 
that the gel disperses into sol even at room temperature. In other 
cases, the sol is formed by warming the swollen gel. The order of 
the temperature to which the gel must be heated in the presence 
of various anions, before it changes into sol in called Hofmeister 
series or lyotropic series. The order is: | 
Citrate? > Tartarate> > SO,? > PO,* > Acetate > C1° > NO,° 
> Bro > IP > CNS®. 

The anions from citrate to acetate inhibit the imbibition while 
from Cl to CNS” favour the imbibition. 


What are micelles? How do they differ from ordinary colloidal 
particles? Give two examples of micelles-forming substances. 


3i There are some substances which at low concentration 
behave as normal electrolyte but at higher concentrations 
exhibit colloidal behaviour due to the formation of 
aggregated particles. The aggregated particles thus formed 
are called micelles. 
The formation of micelles takes place only above a particular 
temperature called Kraft temperature and above a particular 
concentration called critical micellization concentration 
(CMC). On dilution these colloids revert back to individual 
ions. 
Examples are soaps and synthetic detergents. 


State Hardy Schulze rule. 
H Greater the valency of the action ion of the electrolyte, 


. ‘greater will be its precipitating action. 
ALt > Mg2* > Na? for negatively charged sols 


PO, s SO,2> > CI® for positively charged sols 


Describe the following types of colloids, giving an example 


foreach: | 
a. Multimolecular colloids 


b. Macromolecular colloids 


a. Multimolecular colloids: A large number of atoms or 
smaller molecules of a substance on dissolution aggregate 
together to form species having size (diameter < 1 nm) 
in the colloidal range (1—1000 nm). Such species are, 
known as multimolecular colloids. For example, a sulphur 
sol consist of particles containing a thousand or more S, 


sulphur molecules. 

b. Macromolecular colloids: Macromolecules (starch, 
cellulose, proteins and nylon, polyethene, etc.) when 
dissolved in suitable solvent form a solution wherein the 
size of the macromolecule may fall within the colloidal 
range. Such systems are called macromolecular colloids. 


What is meant by the term peptization? 


TERA 


pl. | The process of conversion ofa freshly prepared precipitate 
into a colloidal solution by adding a suitable electrolyte i$ 
called peptization. 


Which one of the following electrolytes is most effective for 
the coagulation of Fe(OH), sol and why? 


NaCl, Na,SO ue Na,PO, 


I.) Fe(OH), is a positively charged sol. According to Hardy 
Schulze rule, greater the charge on an oppositely charg? 
ton of the electrolyte added, more effective it is in bring 
about the coagulation. Hence, Na,PO, (containing P Os 

ions) is most effective. t 


How is dialysis carried out? Mention its one application. 


— asi Surface Chemistry 5-33 
4 ‘< js USE old 


d for purification of colloidal solution T l An 

pialy it by putting impure colloidal solution į ISAD Starch added to 100 mL of gold sol to completely 
ç carried © oo n prevent coagulation by 1 mL of 10% NaC! sol = 0.30 g = 

ft i8 er bag and then dipping it in distilled wat peas neat: 
parc ent ne the molecules and ions diffuse through fie 300 mg Starch required to be added to 10 mL of gold sol 
me Hh e to completel i % NaCl 

after 8° e into the water leaving the pure colloidal solution sol = 30 ‘a a 
men An important application of dialysis is during the 


pehin of blood in the artificial kidney machine. 


pica" 


uM i 00 mL ofarseni Iphit 50 mL of standard gold solution needs 0.05 mg of gelatin for 
abu oi 100 TL OF AISEDICMS Su phite sol, 5 mL of its protection from coagulation. Calculate the gold number of 


„ethe COME f . ù : 
A g clis required. What is the flocculation value of NaCl? gelatine? 


Therefore, by definition, gold number of starch = 30 


Sol. 50 mL of standard gold sol requires = 0.05 mg of gelatin 


l | 
5mLofl M NaCl contains NaCl = 1000 x 5 mol = 5 mmol ~~ Therefore, 10 mL of standard gold sol requires 
Thus. 100 mL of As,S, sol require NaCl for complete _ 0.05 <10 = 0.01 mg of gelatine 
soagulation = 5 mmol 50 l 
l IL. i e.. 1000 mL of the sol requires NaCl for complete, “. Gold number = 0.01 


coagulation = 50 mmol 

Therefore. the flocculation value of NaCl = 50 : TRATION 
Explain the following observations: 

a. Lyophilic colloid is more stable than lyophobic colloid. 


sre coagulation of 200 mL of a positive colloid took place when b. Coagulation takes place when sodium chloride solution 
173 g HCl was added to it without changing the volume much. is added to a colloidal solution of ferric hydroxide. 
me fiocculation value of HCI for the colloid is c. Sky appears blue in colour. 
a. 36.5 b. 100 c. 200 d. 150 $ 
S a. Itis due to the greater force of attraction between dispersed 
b. 200 mL of the sol requires = 0.73 g HCl phase and dispersion medium in lyophilic colloid than 
0.73 lyophobic colloid. 
Moles ot BCI = 36.5 nol Oi) ea b. Fe(OH), sol is positively charged which is coagulated by 
Therefore, 1000 mL (1 L) of the sol will require negatively charged C19 present in sodium chloride solution. 
20 c. Sky appears blue in colour due to the scattering of light by 
~ 200 AN esate ee particles. This is known as Tyndall effect. 


ji o cs ots 


What is observed when sodium chloride is added to a colloidal What is the di 
solution of ferric hydroxide? emulsion? 
So, When sodium chloride is added to ferric hydroxide In a colloidal sol, the dispersed phase is a solid and the 
o the solution gets coagulated: TS a dispersion medium is a liquid. Ina gel, it is just the opposite. 
Cl? ions from NaC] neutralize the +ve charge on Fe(OH), In an emulsion, both the dispersed phase and dispersion 
solution. medium are liquids. 


Give two examples of colloidal solutions of liquid dispersed in 
solid, í JJoídal solution? i 
What is the name of the co a. Sulphur vapours are passed through cooled water. 


idal solutions is gel, ' i E ali i 
Si Jelly, cheese. The name of these colloidal solu B b. White of an egg is mixed with water. 
ce. Soap solution. 


The c i colloidal Solution of gold is Sol. 
Bon E radif on of 0.30 g of starch to it a. leu ia ad because sulphur molecules associate 
Ore adding 1 mL of 10% NaCl solution. Find out the gold ogether to form colloidal sol. . 
lumber of starch? ; Macromolecular because protein molecules present in 
‘ the white of the egg are macromolecules soluble in water. 
c. Associated because RCOO® ions associate together to form 
micelles. 


erence between a colloidal solution, gel, and 


What type of colloidal sols are formed in the following: 
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A colloidal solution of ferric oxide is prepared by two different 


methods as shown below. 
a. What is the charge on colloid 
tubes (A) and (B)? 
b. Give reasons for the origin of charge. 


al particles in the two test 


FeCl; FeCl; 


NaOH 
Hot water 


(B) 


a. Colloidal particles of test tube (A) are positively charged 
where as colloidal particles of test tube (B) are negatively 


charged. 
b. In test tube (A), Fe** is adsorbed on the precipitate 
Fe,O,xH,O [or Fe,0,-xH,O/F e+ is formed]. 


In test tube (B), OH ion is adsorbed on the precipitate 


© 
Fe,0,-xH,O [or Fe,0,-xH,O/OH is formed]. 


Explain the following observations: 
a. A beam of light passing through a colloidal solution has a 
visible path. 
b. Passing an electric current through a colloidal solution 
removes colloidal particles from it. 
c. Ferric hydroxide sol coagulates on addition of potassium 
sulphate. 


a. This is due to scattering of light by the colloidal particles 
(called Tyndall effect). 


b. This is due to charge on the colloidal particles so that 
they migrate towards the oppositely charged electrode. 


c. Ferric hydroxide is a positively charged sol and is 
coagulated by SO,” ions produced by K,SO,. 


Compare the coagulation power of AICI, with that of NaCl. 
Given that their coagulation values are 0.093 and 52 respectively. 


NS) As coagulation power is inversely proportional to 
coagulation value, the ratio of their coagulation power 
will be 

Coagulation power of AICI, 
Coagulation power of NaCl 


maam DEEE 


Coagulation value of NaCl _ 52 _ 559 


~ Coagulation value of AIC], 9.093 


Thus, AICI, has 559 times greater coagulation power than 


NaCl. 


ng power of HCI with that of KBr. Given 
are 30.8 and 138, respectively? 


Compare the coagulati 
the coagulation values 


) The coagulation power is inversely proportional to the 
the ratio of their coagulation power jg 


coagulation value, 
Coagulation power of HCI 
Coagulation power of KBr 
E Coagulation value of KBr _ 138 -4.48 
~ Coagulation value of HCI 30.8 
Thus, HCl has 4.48 times greater coagulation power than 


What modification can you suggest in the Hardy Schulze law? 


) According to the Hardy Schulze law, the coagulation ion 
has charge opposite to that on the colloidal particles. Hence, 
the charge on colloidal particles is neutralized and coagulation 
occurs. The law can be modified to include the following: 


When oppositely charged sols are mixed in proper 
proportions to neutralize the charges of each other. 


coagulation of both the sols occurs. 


Why is it essential to wash the precipitate with water before 
estimating it quantitatively? 


"Sol. | Some amount of the electrolytes mixed to form the 
precipitate remain adsorbed on the surface of the particles of 
the precipitate. Hence, it is essential to wash the precipitate 
with water to remove the sticking electrolytes (or any other 
impurities) before estimating it quantitatively. 


What is meant by critical micellization concentration? 


| Sol!) The micelle may be defined as the aggregated particles 
formed by associated colloids in solution. The formation 
of micelles takes place above certain concentration called 
critical micellization concentration (CMC). Every micelle 
system has a specific value of CMC. 
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What type of substances form lyophobic sols? 


WSO) Substances such as metals, their sulphides, etc., which 
do not mix directly with the dispersion medium form ê 
lyophobic sol. 


_ 


ly added to ice creams. Why? 


«general 
tin is 860° i ilk or cream in water, i.e 
Ka js an emulsion of milk or , Le., 
jce cream type. Gelatin is added to act as an emulsifier, 
„water type. 


oil-in helps to stabilize the emulsion. 
-> jt 
ie! 


the significance of reciprocal of “gold number”? 
i a w 
| whats 


ller the gold number, greater is its protective power. 
a the reciprocal of gold number is a direct measure of 
ce, 
ee power of the colloid. 
1 


hatis common in aqua sols and solid aerosols? How do they 
What 1 
differ? 

Aquasol and solid aerosol both have solid as the dispersed 
Bi They differ in dispersion medium. Aquasols have 


water as the dispersion medium, while aerosols have gas 
as the dispersion medium. 


What is colloidion? 


So Colloidion is cellulose nitrate peptized by ethanol. 


Define colloidal solution? 


Sa Acolloidal solution is a state in which the particle size lies 


between 1 nm and 100 nm. It appears to be homogeneous 
but actually it is heterogeneous. 


Sie 


ore Loe 


Á sol of AgI can be positively or negatively charged. Explain 
and why? 


Charge on the colloidal particles is due to the preferential 
rption of common ions. AgI on shaking with excess of 

KI adsorbs negative J” jons and hence is negatively charged. 
However, on shaking AgI with excess of AgNO, solution, it 
will adsorb Ag? ions and hence becomes positively charged. 


| 


; 


| Give four uses of emulsion. 


| a. The concentration of sulphide ore by froth flotation process 
1S based on emulsification. 


| 


/ 


. Phenyl, used as disinfectant, is an emulsion of oj] in water. 


ee = =—|hl 
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c. Milk is an emulsion of fat in water. 


d. Butter is an emulsion of water dispersed in fat 


Give an example of an associated colloid? 


‘Sol. Soaps and detergents are associated colloids. 


ample 
Give one example of positively charged sol and one ex 
of negatively charged sol. 


3,5, is a 
Sol. Fe(OH), is a positively charged sol whereas As,5, 
| negatively charged sol. 


What is electrodialysis? 


It is a process by which colloidal solutions prin pn sen 
| impurities are purified. The colloidal ane ss 
ionic impurities is placed in a bag of parc ipae 
distilled water electric field. The ions come ou 
parchment paper and the sol is purified. 


AE 


i ion? 
What is the main cause of charge on a colloidal solution? 


` The charge on the colloidal particles is due to the 
adsorption of common ions of the electrolyte on the surface 


of the colloidal particles, e.g., Fe3* from FeC 1, on the surface 
of Fe(OH), particles. 


Why 


ER 
Mg 


NS 


do colloidal solutions exhibit Tyndall effect? 


. | Colloidal solutions exhibit Tyndall effect because the size 


of the colloidal particles (10-1000 A) is such that they can 
scatter light. 


Define ultrafiltration. 


| Sol. In this process, colloidal Solutions are purified by carrying 
out filtration through special types of graded filters called 
ultra-filters. Filter paper allows the Passage of electrolyte 
but does not allow the passage of colloidal Particles. 


Which is not the characteristic a 


a. They are highly susceptible 
electrolytes, 


f hydro-phobic Sols? 

to coagulation by addition of 
They have nearly the same 
as that of dispersion mediur 
È, Their stability is due to both electric charge and salvation 
of the particles, 


` 


surtace tension and viscosity 
n. 
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c. The stability is attributed to electric charge on the sol 


particles. 


Hydrophilic gels, when placed in water, absorb liquid resulting 
in an increase of their volume. This process of swelling of gels 


takes place with 


a. 
b. 
c. 
d. 


No change in volume 

Net increase in volume 
Net decrease in volume 
Large reduction in volume 


‘Sol. c. There will be net decrease in volume. 


Under the influence of an electric field, the particles in a sol 
migrate towards cathode. The coagulation of the same sol is 
studied using NaCl, Na,SO,, and Na,PO, solutions. Their 
coagulating values will be in the order 

a. NaCl >Na,SO, > Na,PO, 


b. 


Na,SO — Na,PO 42> NaCl 


c Na,PO,>Na,SO, > NaCl 
d. Na SO, > NaCl>Na,PO, 


a. Since the sol particles migrate toward cathode, they are 
positively charged. Hence, anions would be effective 
in coagulation. Greater is the valence of effective ion, 
smaller will be its coagulation value. 


During electro-osmosis of Fe(OH), sol 


a. 


b. 
A 
d. 


Sol particles move towards anode 

Sol particles move towards cathode 

The dispersion medium move towards anode 
The sol particles do not move in either direction 


(c, d) In electro-osmosis, the sol particle are prevented from 
migration where as the dispersion medium migrates 
in the direction opposite to those of particles. Here 
the medium is negatively charged. 


Which of the following ionic substances will be most effective 
in precipitating the sulphur sol? 


a. KC] 
c. Fe,(SO,), 


b. BaCl, 
d. Na,PO, 


c. The sulphor sol is negatively charged and would be 
coagulated most effectively by Al**. 


The colligative property of 
solution 


a sol compared to the aqueous 
of glucose of same concentration willbe 

b. Much higher 

d. Slightly lower 


a. Much smaller 
c. The same 


Molar concentration of a sol is much smaller than that 
in a true solution of same strength (g L~!) due to much 


larger particles. 


Electrolytes can cause coagulation as well as peptization of 
colloidal solution. Explain? 


CONCEPT APPLICATION EXERCISE 5.2 


Oo StS oe 


D Electrolytes provide oppositely charged ions which can 
cause coagulation of colloidal solution. Electrolytes can 


cause peptization also, €.g., FeCl, can peptize Fe( OH), 
precipitate because it gives excess of F e** ions which get 
adsorbed on Fe(OH), precipitates. This breaks up the 
precipitate into smaller particles of the size of colloid. 


What are enzymes? Write brief mechanism of enzyme 
catalysis? 

Give the general method of preparation of sols. 
Describe the methods for the purification of colloidal 
solution. 

Describe the electrical properties of colloidal solution. 
What is emulsion? Write its applications. 

What is demulsification? 

Describe the cleansing action of soap. 

How are associated colloids different from macromolecular 
and multimolecular colloids? 

How are the colloidal solutions classified on the basis 


of physical states of the dispersed phase and dispersion 
medium? 


Solved Examples ill 


yi 


Write two differences between multi-molecular colloids and 
macromolecular colloids? 


a. Multimolecular colloids are formed by the aggregation of 
small molecules (diameter < 1 nm) while macromoleculat 


colloids are formed by macromolecules (polymers) ” 
consist of single molecules. 


b. Multimolecular colloids are generally lyophobic whereas 


macromolecular colloids are generally lyophilic. 


Pal adsorption respond differently with 
What is this difference and why is it so? 


„te 
is? n! j 
| x/m 
E im 
| 
T—— > 


ysical adsorption) 


i 
pene isobar for physical adsorption shows that 
s tent of adsorption decreases with the increase in 
the €X ure. ThE adsorption isobar of chemical adsorption 
tem oe the extent of adsorption first increases and then 
ae with the increase in temperature. The initial 
deer? acted increase in the extent of adsorption with 
aie is due to the fact that the heat supplied acts as 
aie energy required for chemical adsorption which 
a more than that of physical adsorption. 


Fa 
gai ===> 
(Chemical adsorption) 


ESSN ae 
, small amount of silica gel and anhydrous calcium chloride 
> . . 
replaced separately in two corners of a vessel containing water 
amour. What phenomena will occur? 


So Adsorption of water will occur on silica gel and absorption 


a Higher is the critical temperature of the gas, greater is the 
ease of liquefaction, i.e., the greater are the van der Waals 
forces of attraction and, hence, larger adsorption will occur. 


SuPer gis 


Why are lyophili 
colloidal sols? 


Sa The lyophilic colloidal sols are more stable because they 
are highly hydrated in solution. 


ES P EA Z SOE Cee tree ely APS 


Give one test to distinguish whether the given emulsion is oil- 
"-water-type or water-in-oil-type emulsion. 

It can be identified by dilution test. In this method, me 

emulsion is diluted with water. If the emulsion gets diluted 

With water, this means that water acts as the dispersion 

~ Medium and it is an example of oil-in-water emulsion. r i 

| is not diluted than oil acts as the dispersion medium and 1 
-» San example of water-in-oil emulsion. 


“sider the adsorption isotherm given below and interpret the 
“ation in the extent of adsorption (x/m) when 
p Temperature increased at constant pressure. 
Pressure increases at constant temperature. 
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a. At constant pressure, 
adsorption decreases with 
increase in temperature as it 
is an exothermic process. 

b. As pressure increases 
at constant temperature, 
initially adsorption increases 
upto a particular pressure 
and then it remains constant. 


=| —— 


Adsorption isotherm 


A colloidal solution of Ag] is prepared by two different methods 
as shown in the figure below: 


AgNO; KI 


(B) 


a. What is the charge of Agl colloidal particles in the two test 
tubes (A) and (B)? 
b. Give reasons for the origin of charge. 


g Test-tube (A) has negative charge whereas test tube (B) 
has positive charge on the colloidal particles. 


b. In test tube (A), I® is adsorbed on precipitate AgI 
[or Agl/ I® is formed]. In test tube (B), Ag® is adsorbed 
on precipitate AgI [or AgI/Ag® is formed]. 


ih 


~ What role does adsorption play in hetero-geneous catalysis ? 


ol.) In heterogeneous catalysis, generally the reactants are 
gaseous whereas catalyst is a solid. The reactant molecules 
are adsorbed on the surface of the solid catalyst by physical 
adsorption or chemisorption. As a result, the concentration of 
the reactant molecules on the surface increases and hence the 
rate of reaction increases. Alternatively, one of the reactant 
molecules undergoes fragmentation on the surface of the 
solid catalyst producing active species which react faster. 
The product molecules in either case have no affinity for 
the solid catalyst and are desorbed making the surface free 
for fresh adsorption. This theory is called adsorption theory. 


Why is adsorption always exothermic? 


Sol. When a gas is adsorbed on the surface ofa solid, its entropy 
decreases, i.e., AS is negative. Now, AG = AH — T AS and 


for the process to be spontaneous, free energy change, 
AG must be negative. 


3.30 hth SE 
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T AS is negative, i.e., -T AS is +ve, therefore, AG can be 


negative only if AH is negative. Hence, adsorption is always 


exothermic. 


; TN 
Ina coagulation experiment, 5 mL of As,S, 1s mixed with 
distilled water and 0.1 M solution of an electrolyte AB so that the 
total volume is 10 mL. It was found that all solutions containing 
more than 4.6 mL of AB coagulate within 5 min, What is the 
flocculation value of AB for As,S, solution? 


Sol. A minimum of 4.6 mL of AB is required to coagulate the 
solution. The moles of AB in the sol is 


4.6x0.1 _ 9.046 mol 


This means that a minimum of 0.046 mol or 
0.046 x 1000 = 46 mmol are required for coagulating 
1 L of solution. 


Flocculation value of AB for As,S, sol = 46 


In an adsorption experiment, a graph between log (x/m) versus 
log P was found to be linear with a slope of 45°. The intercept on 
the log (x/m) axis was found to be 0.3010. Calculate the amount 
of the gas adsorbed per gram of charcoal under a pressure of 
0.5 atm. 


“Sol According to the Freundlich equation 


x 
— = KP!” 


3 


1 
or log = =log K+ — log P 
m n 


~. Plot of log ~ versus log P is linear with slope 
m 


1 
= — and intercept = log K 
n 


1 
Thus, e = tan 8 = tan 45° = 1 orn=1. 


log K = 0.3010 or K = antilog 0.3010 = 2. 
At P=0.5 atm 


x 
a = KP!" =2 x (0.5)! = 1.0 


The volume of nitrogen gas Vm (at STP) required to cover a 
sample of silica gel with a mono-molecular layer is 129 cmg! 
of gel. Calculate the surface area per gram of the gel if each 
nitrogen molecule occupies 16.23 x 1020 m?, 


“Soke 22400 cm? of N, at STP contain = 6.023 x 103 molecules 


“. 129 cm? of N, at STP will contain 
_ 6.023 x10? x 129 
B 22400 

Area occupied by a single molecule = 16.2 x 10-20 m2 


= 3.468 x 107! molecules 


EE EE 


Therefore, area occupied by 3,468 x 102! molecules of N 
= (16.2 x 10-9) x (3.468 * 102!) m? = 561.8 m2 


Therefore, surface area per gram of gel = 561.8 m? 


memes A cle. RY 


100 mL of a colloidal solution is completely precipitated h 
addition of 5 mL of | M NaCl solution. Calculate the coagulation 


value of NaCl. 


7) Coagulation value is the millimoles of an electrolyte that 
~ must be added to 1 L of a colloidal solution for complet. 


coagulation. 


l 
-, 5mL of 1 M NaCl = 000 x 5 = 0.005 mol or 5 mmoj 


100 mL of a colloidal solution require NaCl for complete 
coagulation = 5 mmol. 

Therefore, 1 L of colloidal solution require NaCl for 
complete coagulation = 50 mmol 


Therefore, coagulation value of NaCl = 50 


“What is the charge n the colloidal particles in the following? 
a. Fe(OH), sol 
b. As,S, sol 


c. Colloidal sol of silver 


a. Fe(OH), sol: +ve 


b. As,S, sol: —ve 


c. Colloidal sol of silver: —ve 


ex Se 


Which of the following is ast 
hydroxide sol? 


a. KCl 
Cc. Na,SO 4 


= 


ffective in coagulating fee 


b. FeCl, 
d. K,[Fe(CN),] 


“Sol. Since Fe(OH), sol is positively charged, the anion having 
highest charge will be the most effective, i.e.. [Fe(CN),”- 


PLE 5.17 : 
Write a mathematical expression showing relationship betwee? 
the amount of solute adsorbed per unit mass of the solid 
adsorbent and the concentration of the solute in the solution. 


X 


= KC" , 


m 


X 
log >= log K++ log C 

m n 
where x/m is the extent of adsorption, x is the mass 
of adsorbate, m is the the mass of adsorbent, C iS the 
concentration of solute in solution, and K is the constant. 


A 


, why does adsorption first i increase 


} 
| A 
| i" i initial increase is due to the fact that the heat 


acts as an activation energy. The decrease 


appl! ards is due to the exothermic nature of adsorption 
terva 


difference between phsisotption ani cherie eyebh 
ne 
gute? 


here are weak van der Waals force of attraction between 
sgsorbent and adsorbate in physisorption. It is non- -specific 
sai reversible. Chemisorption involves strong forces of 


hemical nature. It is highly specific and irreversible in 
nature. 


b happens when a freshly precipitated Fe(OH), is shaken 
=a little amount of dilute solution of FeC1,? 


a Areddish brown colloidal solution of Fe(OH), is obtained. 
This process is called peptization. The Fe** ions from FeCl, 
are adsorbed on the surface of the precipitate and form 
positively charged colloidal solution. 


FeCl, —> Fe** + 3Cl® 
Fe(OH), + Fe** —> [Fe(OH),]Fe>* + 3C1° 


Colloidal solution 
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- What happens when persistant dialysis of colloidal solution 


10. 


11. 
12. 


13. 


14. 


13. 


is carried out? 


What type of building blocks are present in the structure 
of zeolites? What is this structure called? 


What do x and m represent in the following expression? 
(x/m) = Kpn 


Indicate a chemical reaction involving a homogeneous 
catalyst. 

What type of substances form lyophobic sols? | 
How can we remove moisture from glass apparatus? 

How is adsorption of a gas related to its critical termperature? | 
What are the different thermodynamical parameters that | 
illustrate the mechanism of Adsorption? | 


Draw the following graphs. Do mention their slope and 
intercept, if can be calculated? 


a. x/m VS p b. log Ž vs log p 


m 

c. Physisorption isobar d. Chemisorption isobar 

How does a solid catalyst enhance the rate of combination 
of gaseous molecule? 

What is the role of diffusion in heterogeneous catalyst? 
For soaps critical micelle concentration (CMC) is 
10~ (min.) to 10 (max.) mol/L. What is the value of x? 
Twenty percent of the surface sites of a catalyst is occupied 
by nitrogen molecules. The density of surface sites is 
6.023 x 10!4 cm. The total surface area is 1000 cm. 
The catalyst is heated to 300 K and nitrogen is completely 
desorbed into a pressure of 0.001 atm and volume of 
2.46 cm?. Calculate the number of sites occupied by 
nitrogen molecules. 

One gram of charcoal adsorbs 100 ml of 0.5 M acetic acid 
to form a monolayer, and the molarity of acetic acid reduces 
to 0.49. Calculate the surface area of charcoal adsorbed by 


each molecule of acetic acid. The surface area of charcoal 
is 3.01 x 10? m? gt 


ANSWERS 
2 14.5 x 10!9 m? 
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| 
Single Correct Answer Type Iil 


Adsorption 
1. 


The effect of pressure on adsorption is high if 


(1) Temperature is low 


(2) Temperature is high 
(3) Temperature is neither very low nor very high 


(4)C harcoal piece is taken in place of charcoal powder 


_ Which one of the following statements is wrong? 


(1) Physical adsorption of a gas is directly related to its 


critical temperature. 

(2) Chemical adsorption decreases regularly as the 
temperature is increased. 

(3) Adsorption is an exothermic process. 

(4) A solid with a rough surface is a better a 
the same solid with a smooth surface. 


dsorbent than 


_ Which of the following is true during adsorption?- 


(1) AG, AH, and AS all are negative. 

(2) AG is negative, but AH and AS are positive. 
(3) AG and AH are negative, but AS is positive. 
(4) AG and AS are negative, but AH is positive. 


_ Which one of the following statements is wrong about 


adsorption? 

(1) It is a selective and specific process. 

(2) Itisa reversible process. 

(3) An increase in the gaseous adsorbate causes an 
increase in a adsorption. However, at high pressure, the 
adsorption becomes constant. 


(4) It is an endothermic process. 


. Adsorption is the phenomenon in which substance 


(1) Accumulates on the surface of the other substance 
(2) Goes into the body of the other substance 

(3) Remains close to the other substance 

(4) None is correct 

Sorption is the term used when 

(1) Adsorption takes place 

(2) Absorption takes place 

(3) Both take place 

(4) Desorption takes place 

In the adsorption of oxalic acid on activated charcoal, the 
activated charcoal is called 

(1) Adsorbent (2) Adsorbate 

(3) Adsorber (4) Absorber 

There is desorption of physical adsorption when 

(1) Temperature is increased 

(2) Temperature is decreased 

(3) Pressure is increased 

(4) Concentration is increased 


Exercises 


9. 


10. 


11. 


12. 


13. 


14. 


15. 


Í | 
The rate of chemisorption: | 


(1) Decreases with increase of pressure 


(2) Increases with increase of pressure 
(3) Is independent of pressure 

(4) Is independent of temperature 
Which of the following is no 
chemisorption? 

(1) It is irreversible. 

(2) It is specific. 

(3) It is multilayer phenomenon. 
(4) Heat of adsorption is about —400 kJ. 
Chromatography is a technique based on 
(1) Adsorption and then dispersion of solute 


(2) Absorption of solute 
(3) Hydration of solute 


(4) Evaporation of solute 
Amount of gas adsorbed per gram of adsorbent increases 
with pressure, but after a certain limit is reached, adsorption 


becomes constant. It is where 
(1) Multilayers are formed 
(2) Desorption takes place 
(3) Temperature is increased 


(4) Adsorption also starts 
Softening of hard water is done using sodium aluminium 


silicate (zeolite). This causes 

(1) Adsorption of Ca?* and Mg?" ions of hard water 
replacing Na® ions. 

(2) Adsorption of Ca?* and Mg” ions of hard water 
replacing Al** ions. 

(3) Both (1) and (2) are true 

(4) None is true 

Which of the following is/are true statements? 

(1) Water vapour is absorbed by anhydrous calcium chlonde 
both adsorbed by silica gel. 

(2) NH, is absorbed by water but adsorbed by chare 

(3) Sugar is decolourized by animal charcoal based on 
adsorption. 

(4) Water is absorbed by cone H,SO,. 


Anionic surfactants are 
(2) eO} SO;Na 


(4) All 


(2) ROJ} SoN: 


(3) City {Oye (4) C,gH3N(CH3)3C 


t a characteristic of 


oal. 


(1) C,sH,,COONa 


(3) C,HyyNH,Cl 


. Cationic surfactants are 


(1) C,,H,,COONa 


—_ 
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rai pnogenic surfactants are 
Nor 
fh No AO) 808 

bs 


Gini OLE 
| ( n n 


Il ; , 
(ay stich equation for adsorption of gases (in amount of 
p fre a olid (in amount of mg) at constant temperature 
an be expressed jii 
Ce 


y l 
Fas P+—log K 
O- log £ +7108 


ig, Which of the following statements is incorrect regarding 
physisorption? 
(1) It occurs because of van der Waals forces. 
(2) Liquefiable gases are adsorbed more easily. 
(3) Under high pressure it results surface. 
(4) Enthalpy of adsorption (AM, dsorpti on) 1S low and positive. 
1), The equation of Langmuir adsorption isotherm under high 
pressure is: 


i sE Ge 
m b m ap 

g)2=2 (4) Žž =ap 
m a m 


1. Which of the following is a wrong form of Langmuir 
adsorption isotherm? 


(1) Ž =£ (At high pressure) 
m b 
(2) s = = (At high pressure) 


(3) 


= ap (At very low pressure) 

x b 

() —=-4 = (At intermediate pressure) 

m a ap 

22, F : x Vs 
or adsorption of a gas on a solid, the plot of log ren k 


log pis linear with slope equal to (n being whole number): 


n 


43. 
2.0 g of charcoal is placed in 100 mL of 0.05 M CH,COOH 
to form an adsorbed mono-acidic layer of acetic acid 


24. 


25. 


26. 


molecules and thereby the molarity of CH,COOH reduces 

to 0.49. The surface area of charcoal is 3 x 10? m? gt. The 

surface area of charcoal adsorbed by each mlecule of acetic 

acid is: 

(1) 1.0 x 10719 cm? (2) 1.0 x 1013 cm? 

(3) 1.0 x 108 cm? (4) 1.0 x 10-!4 cm? | 

In Langmuir’s model of adsorption of a gas on a solid 

surafce, . 

(1) The mass of gas striking a given area of surface 1S 
independent of the pressure of the gas. . 

(2) The adsorption at a single site on the surface may involve 
multiple molecules at the same time. . 

(3) The mass of gas striking a given area of surface 1s 
proportional to the pressure of the gas. 

(4) The rate of dissociation of adsorbed molecules from the 
surface does not depend on the surface covered. | 

From the following graphs, which two represent Langmuir 

Adsorption Isotherms? 


= 

(D) 

Mia] 

z 

z 

Tiss 

(1) 

E 

Pressure Po 

5 

O 

ae) 

8 

= 

(2) = 

5 

E 
Pressure Po 

= 

O 

Mea) 

S 

= 

(3) = 

5 

E 
Pressure Po 

5 

O 

$ 

3 

(4) < 

cq 

p= | 

E 
Pressure Po 

If H, 


gas is made to absorb on a surface, then the fraction 


of surface area of adsorbent 
covered by gas mole i 
proportional to: 8 cules is 
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27. 


28. 


29. 


30. 


31. 


Dp 
(4p 
ase of van der Waals 


(1) p° 

(3) p!’ 
Which is correct in ¢ 7 ae 
(1) High temperature, high pressure 


adsorption? 


~ re ` (è ut € 


sssure 
(4) High temperature, low pressu 


S S M ) ` ) 1 | 1 t \ 1 Cc 1 cog l 1s . 
I 1€ t 


(2) H, 
(1) CH, 
anes 7 i isotherms represents 
Which of the following adsorption iso 1e m 
the adsorption of a gas by a solid involving multilaye 
e 0 g i 
formation? (P, = saturation pressure) 


T 


32. Although, nitrogen does not adsorb on a surface at room 
temperature, it adsorbs on the surface at 83 K. Which one 
of the following statements is correct? 


(1) At 83 K, there is formation of monolayer. 
(2) At 83 K, nitrogen is adsorbed as atoms. 

P. (3) At 83 K, nitrogen molecules are held by chemical bonds. 
| (4) At 83 K, there is formation of multimolecular layers. 


1 E 9 
: : 33. For the graph below, select correct order of temperature. 
I 
1 
Ps Extent of 
Which among the following statements is false? adsorption 
, , i (x/m) 
(1) Increase of pressure increases the amount of adsorption, 
(2) Increase of temperature may decrease the amount of 
adsorption. 


Pressure (P) 
(3) Adsorption may be monolayered or multilayered, Qin ts 7 
(4) Particle size of the adsorbent will not affect the amount 3B) T, >T, >T ce — 
of adsorption. ai n= n= É 
Select correct adsorption iso 
physisorption respectively: 


(1) 7> 7,> r, 


bars for chemisorption and Classification, Pr paration and Properties of Colloidal Sol- 
34. Zeta potenti 
temperature) (1) Potential re 


colloidal sol 


xX 
(where m  °xtent of adsorption, T = 


ts 
"» 


taa 


tea 
Fo 


-J~ 
— 


Ja 
o 


“tial required to give the particles a speed of 
(0) pon = in the sol. 

atial difference between fixed charged layer and 
0) e fused Jayer having opposite charges. 

e „tial energy of the colloidal particles. 

(4) en of the sky is due to ` 
plue ‘corti of light by dust particles 
(1) flection of light by dust particles 
r „ttering of light by dust particles 
(3)9¢ sure of clouds which are a colloidal dispersion of 
(4) une particles in air 
y sle ofan intrinsic colloid is 


” 


Exam 
(0) As,S3 sol | (2) S sol 
G) Egg albumin (4) Fe(OH), sol 


„ of which of the following colloidal systems, fog is an 
h 


example? 

(1) Liquid dispersed in gas (2) Gas dispersed in gas 

(3) Solid dispersed in gas (4) Solid dispersed in liquid 
| mol of [Ag] Ag® sol is coagulated by 

(1) | mol of KI 

2) 500 mL of 1 M K,SO, 

(3) 300 mL of 1 M Na,PO, solution 

(4) 1 mol of Ag! 


_ Arsenic(III) sulphide forms a sol with a negative charge. 
Which of the following ionic substances should be most ` 


effective in coagulating the sol? 

(1) KCl (2)MgCl, (3) AL(SO,), (4) Na,PO, 
Aluminium hydroxide forms a positively charged sol. Which 
of the following ionic substances should be most effective 
in coagulating the sol? 


(I)NaCl (2) CaCl, (3) Fe,(SO,), (4) K,PO, 
. Brownian motion is a/an 

(1) Electrical property (2) Mechanical property 

(3) Optical property (4) Colligative property 


. The colligative property of a colloidal sol compared to the 


solution of non-electrolyte of same concentration will be 
(2) Higher 
(4) Higher or lower 


(1) Same 
(3) Lower 


: Which of the following can act as a protective colloid? 


(1) Gelatin (2) Silica gel 
(3) Oil-in-water emulsion (4) All correct 


' An emulsifier is an agent which 


(1) Accelerates the dispersion 

(2) Homogenizes an emulsion 

(3) Stabilizes an emulsion 

(4) Aids the flocculation of an emulsion 


The Stabilization of a dispersed phase in a lyophobic colloid 


1S due to 


(1) The adsorption of charged substances on dispersed 
Phase. 


46. 


47. 


48. 


49, 


50. 


51. 


52. 


53: 


54. 


55. 


56. 


Si 
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(2) The large electro-kinetic potential developed in the 
colloid. 


(3) The formation of an electrical layer between two phases. 
(4) The viscosity of the medium. 


The diameter of colloidal particle is of the order 
(1) 10-3 m (2) 10 m 
(3) 10715m (4) 107m 


The process of passing of a precipitate into colloidal solution 
on adding an electrolyte is called 

(1) Dialysis 

(3) Electrophoresis 
Tyndall effect is not observed in 

(2) True solution 

(4) Colloidal solution 


The process of removing dissolved impurities from a 
colloidal system by means of diffusion through suitable 
membrane under the influence of an electric field is called 


(2) Electrodialysis 
(4) Peptization 


(2) Peptization 


(4) Electro-osmosis 


(1) Suspension 


(3) Emulsions 


(1) Electro-osmosis 
(3) Eleetrophoresis 


The migration of positively charged colloidal particles, under 
an electrical field, towards the cathode is called 


(1) Cataphoresis (2) Electro-osmosis 
(3) Sedimentation (4) Electrodialysis 
Smoke is a dispersion of 

(1) Gas in gas (2) Gas is solid 

(3) Solid in gas (4) Liquid in gas 
The colloidal sol of As,S, prefers to adsorb 

(1) NO,° (2) K® 

(3) S- (4) H® 


A freshly formed ppt of SnO, is peptized by a small amount 
of NaOH. These colloidal particles may be represented as 
(1) [SnO,]SnO,7; 2Na® (2) [SnO,] Sn**; O% 

(3) [Sn0,]Na®; OH® (4) [SnO,] Sn**; OHS 

Smoke has generally blue tinge. It is due to 

(1) Scattering (2) Coagulation 
(3) Brownian motion (4) Electro-osmosis 
Oil-soluble dye is mixed with water-in-oil emulsion, then 
(1) Dispersion medium is coloured 

(2) Dispersed phase is coloured 

(3) Both coloured 

(4) None is coloured 

An oil-soluble dye is mixed with emulsion and the emulsion 
remains colourless. Then, it is 

(1) O-in-W (2) W-in-O (3) O-in-O (4) W-in-W 


There is no scum formation when hard water is being used. 
The washing powder can be 


(1) C\,H,,COONa 
(3) Both 


(2)R 
(4) None 
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58. 


60. 


61. 


62. 


63. 


65. 


. Compared to common coll 


Micelles are 
(1) Ideal solution 
(3) Adsorbed surfaces 


(2) Associated colloids 
(4) Absorbent solutes 
oidal sols micelles have: 


(1) Higher colligative properties 

(2) Lower colligative properties 

(3) Same colligative properties 

(4) None is true 

Which one of the following statements is correct? 

(1) Brownian movement is more pronounced for smaller 
particles than for bigger ones. 

(2) Sols of metal sulphides are lyophilic. 

(3) Hardy Schulze law states, the bigger the size of the 1 
the greater is its coagulating power. 

(4) One would expect charcoal to adsorb chlorine more 
strongly than hydrogen sulphide. 

Gold number of a lyophilic sol is such a property that 

(1) The larger its value, the greater is the peptizing power. 

(2) The lower its value, the greater is the peptizing power. 

(3) The lower its value, the greater is the protecting power. 

(4) The larger its value, the greater is the protecting power. 


Select the incorrect statement about micelles. 


on, 


(1) They are associated. 

(2) Surfactant molecules form micelles. 

(3) They are formed above CMC and above the kraft 
temperature. 

(4) Above CMC, the surfactant molecules undergo 
dissociation. 

Select the incorrect statement: 

(1) Micro emulsion and micellar solution are used to 
describe concentrated sufactant stabilized dispersion 
of water and hydrocarbons that are used to enhance 
petroleum recovery. 

(2) Purple of cassius is Au sol. in water and is used to raise 
vitality in human system. 

(3) Bredig’s are method that cannot be used for the 
preparation of colloidal sol. of sodium. 

(4) High charge density is the most important factor which 
gives rise to peculiar properties of colloids . 


. Select the incorrect statement: 


(1) Brownian motion is more effective for small particles 
than the bigger ones 


(2) Brownian motion is due to impact of molecules of the 
dispersion medium on the colloidal particles. 

(3) Black diamonds are dispersion of solid in solid, 

(4) Blood contains negative as well as positively charged 
particles. 

Flocculating value of ion depends on: 

(1) The shape of flocculating ion. 

(2) The amount of flocculating ion. 

(3) Nature of the charge on the flocculating ion. 


66. 


67. 


68. 


69. 


70. 


71. 


72. 


73. 


74, 


(4) Both, the nature and 


a ae 
magnitude of the charge of th 

flocculating ion. 
Which of the following will 
for As,5, colloid ? : 
Ar (2) Na 

3- 

(3) S0} (4) PO4 
1 mol of [Agl] Ag? can be coagulated by: 
(2) 1/2 mol of AgNO, 
(4) None of these 


have highest coagulating Power 


(1) 1 mol of AgNO, 

(3) 2/3 mol of AgNO, 

The coagulation of 100 mL of colloidal solution of gold is 

completely prevented by addition of 0.25 g of a substance 

“x” to it before addition of 1 mL of 10% NaCl solution, 

The gold number of “X” is: 

(1) 0.25 (2) 25 

(3) 250 (4) 2.5 

Which of the following mixture will lead to the formation 

of negatively charged colloid [AgI] ? 

(1) 50 mL of 0.1 M AgNO, + 50 mL of 0.1 M KI 

(2) 50 mL of 0.1 M AgNO, + 50 mL of 0.2 M KI 

(3) 50 mL of 0.2 M AgNO, + 50 mL of 0.1 M KI 

(4) 50 mL of 0.2 M AgNO, + 50 mL of 0.2 M KI 

Arsenous sulphide sol is prepared by passing HLS through 

arsenous oxide solution. the charge developed on the 

particles is due to adsorption of: 

(1) H® (2) S% 

(3) OH (4) 0> 

Select incorrect statement: 

(1) Gold sol is multimolecular coloid. 

(2) Large number of particles of a substance aggregat 
together and formed multimolecular colloids. 


(3) Metal sulphides are lyophobic colloids. 


(4) Sulphur sol is multimolecular colloid and hydrophilic 
in nature. 

Select incorrect statement: 

(1) Soap and detergent lower the interfacial surface tension 
between oil and water. 

(2) Basic principle of peptization is reverse of coagulanon: 

(3) Soap and detergent are used as emulsifiers. 

(4) Lyophilic sols need stabilizing agent. 

For the coagulation of 50 mL of ferric hydroxide sol, 10ml 

of 0.5 M KCI is required, What is the coagulation value of 

KCI? 

Me 

(3) 100 


(2) 10 

(4) None of these 

100 mL of 0.6 M acetic acid is shaken with 2 g activated 
carbon, The final concentration of the solution after 
adsorption is 0.5 M. What is the amount of acetic 2 
adsorbed per gram of carbon ? 

(1) 0.6 g (2)0.3g 

(3) 1.2g (4) None of these 
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84. 


D i eh In which of the following reactions heterogeneous catalysis 
il lyst increases the rate y ; is involved? 
4 creasing Ea (2) Increasing £, i. 250 NOW), »50,(g) 
eet pressure (4) Increasing entropy i 2(8) + O,(g) ————> 8 
e . ; 
w of the following catalyst is used during the ii. 2S0, (g) Pi(s) 2S0,(g) 
16 ogenation of oil? a Fe(s) 
| (2) Ni iii. N (g) + 3H (g) —“--» 2NH,(g) 
Í | Fe 
| He eins iv. CH,COOCH,(/) + H,0() CO » CH,COOH(aq) 
( ih of the following is present at the time of cracking of 4 CH,OH(aq) 
I s? PO 
pooner (2) Zeolite (1) (i), Gii) (2) (ii), (iii) and (iv) 
Copper ae Dy 4 G 
ae kel (4) Molybdenum ©) @, Gi) and (iti) hh lution but 
3) Me the correct statement for a catalyst? 85. Air can oxidize sodium sulphite in aqueous so 
8. which is not the in cannot do so in the case of sodium arsenite. If however, 
| It does not alter £,. 


air is passed through a solution containing both es 
sulphite and sodium arsenite then both are oxidized. This 
is an example of: 


0) The surface of a catalyst adsorbs reactants. 
(3) Catalyst may form intermediates with reactants. 


(4) Action of enzyme catalyst is always specific. (1) Positive catalysis (2) Negative er 
r Match column A (catalyst) with column B (process) (3) Induced catalysis (4) Auto-catalysis 
” A B 86. For the reaction A > B + C; the energy profile diagram is 
SiO I. Cracking of Hydrocarbon given in the figure: 
ia f catalyst 
2, Pt II. of benzene | In absence of cataly 
‘ Zeolites II. Automobile converter 


(1) lL, 20, 31 (2) 1> I, 211, 31 


In presence of catalyst 
(3) a, 2, 31 (4) 1 II, 25], 30 


80. Catalyst used in polymerization of ethene is: al i a 
(1) TiCl, and AIR, (2) Fe, Co 
(3) H,PO A (4) Zeolites 
81. Which is/are correct statements about the role of a catalyst | | AZ  ___ 
in a reaction? 
(1) Itis reactant in a rate-determining step and then a product ‘mors a 
of some subsequent step. 
(2) Itprovides an alternate mechanism with a lower energy 
of activation. 
(3) It increases the rate of chemical reaction but does not ETO 
itself undergo a permanent change during the course of . l oo, 
the reaction. What is the decrease in energy of activation in presence of 
(4) All of these. | catalyst ? 
82, Energy of activation of forward and backward reaction are (1)z (2)z-p 
equal in cases (numerical values) where (3)y-z (4)z-x 
(1) AH=0 87. The rate of a certain biochemical reaction catalysed by an 
(2) No catalyst present enzyme in human body is 10* times faster than when it is 
3) AS=0 carried out in the laboratory. The activation energy of this 
(4) Stoichiometry is the mechanism reaction: 
83. Select the correct statement. (1) Is Dpi l 
(1) Homogeneous catalysis occur at the interface of phases. (2) Is different i both the cases 
(2) Hydrolysis of protein in stomach and in intestine takes (3) Is the same in both the cases 
place due to the action of enzyme trypsin in stomach (4) None of the above 
and pepsin in intestine 88 


- A catalytic poison renders the catalyst ineffective because: 
(1) It is preferentially adsorbed on the catalyst. 
(2) It adsorbs the molecules of the reactants. 


(3) ZsM - 5 is used to convert toluene to benzene. 
(4) Negative catalyst physically changes at the end o 
reaction. 
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(3) It combines chemically with the catalyst. 

(4) It combines chemically with one of the reactants. 

89. An inhibitor is essentially: cet 
(2) A negative catalyst (2) A heterogencous catalys 
(4) A homogeneous catalyst 


(3) An auto catalyst | 

90. Identify the correct statement regarding enzymes: 

(1) Enzymes are specific biological catalysts that normally 
works at high temperature 

(2) Enzymes are normally heterogeneous catalysts which 
decrease the reaction rate 

(3) Enzymes are specific biological catalysts with low molar 
masses 

(4) Enzymes are specific biological catalysts that are very 
specific in nature 


Miscellaneous 


91. The gold numbers of protective colloids A, B, C, and D are 
0.04. 0.002. 10, and 25, respectively. The protective powers 
of A. B. C, and D are in the order 
()A>B>C>D (2) B>A>C>D 
3)D>C>A>B (4) D>C>B>A 
92. When 6 x 105 g of a protective colloid was added to 
20 mL ofa standard gold sol, the precipitation of latter was 
just prevented on addition of 2 mL of 10% NaCl solution. 
The gold number of a protective colloid is 
(1) 3 (2)3x 10° (3) 0.06 (4) 0.03 
93. In an experiment, addition of 4.0 mL of 0.005 M BaCl, to 
16.0 mL of arsenious sulphide sol just causes the complete 
coagulation in 2 h. The flocculating value of the effective 
ion is: 
(1) CIE, 1.0 (2) C1°,2.0 (3) Ba**, 1.0 (4) Ba**, 0.5 
94. A freshly obtained precipitate of SnO, is peptized by little 
of KOH to give a sol. The sol particles may be represented 
as 
(1) [Sn0,]K® 
(3) [SnO,JSn* 


(2) [SnO, ]OH® 
(4) [SnO,]SnO,?- 


[Multiple Correct Answers Type I} 


Adsorption 


1. Which of the following increase(s) the activation of a solid 
adsorbent? 


(1) Polishing the surface of the solid adsorbent. 
(2) Subdividing the solid adsorbent. 


(3) Blowing superheated steam through the porous 
adsorbent. 


(4) Adsorption at very low pressure. 
- Which of the following statements is/are correct? 


(1) Physical adsorption is multilayer, non-directional, and 
non-specific. 


(2) In some cases, solvent may be adsorbed in preference 
to the solute on the surface of the adsorbent. 


6) Chemical adsorption increases with increase jy 


temperature. . 
(4) Due to adsorption, surface energy Increases. 
Which one of the following is/are correct statement fo, 
physisorption? 
(1) It isa reversible process. | 
(2) It requires less heat of adsorption. 
(3) It requires activation energy. 
(4) It takes place at low temperature. 


Which of the following statements is/are correct? 


(1) Increase of pressure increases the amount of adsorption, 

(2) Increase of temperature may decrease the amount 
of adsorption. 

(3) The adsorption may be monolayered or multilayered, 

(4) Particle size of the adsorbent will not affect the amount 
of adsorption. 


- Which is not the adsorption isobar for chemisorption? 


t| \ 


(ym —— 
T ——> 
t 
(2) ™ 
T —> 
t 
(3) m 
T ——> 


i> 


- Which of the following is/are application(s) of adsorption’ 


(1) De-ionization of water 

(2) Gas masks 

(3) Hygroscopic nature of CaCl, 
(4) Heterogeneous catalysis i 


© Select the correct statement(s) among the following: 


(1) At 83 K, N, is physisorped on the surface of iron. 
(2) At 772 K and above N, is chemisorped on the 110 
surface. i 


(3) Activation energy is +ve in case of physisorption and 
zero In case of chemisorption. 


(4) Activation energy is zero in case of physisorption and 
+ve in case of chemisorption. 


tthe correct statement(s): 
elec 
p’ physica 


pysical adsorption forms unimolecular layer and takes 
eat low temperature and decreases with increase in 


Jac 
temperature 


physical adsorption is due to van der Waal’s forces. 
i emulsifiers do not work on the principle of adsorption 
(4, 


X 
A jsorption isotherm of log 5) and log P was found of 
0, 


the type - 


x 
oe 5 


log P 
This is incorrect when: 
g) 4-1 (4)P<1 
10, In the given isotherm select the correct statement: 
C 
B PP, 
X | 
m 
O P 


(1) Ž œ P" along OA 
m 


(2) Ž œ P’ when point B is reached 
m 


(3) ~ does not increase rapidly with pressure along BC 
m 


due to less surface area available for adsorption 


(4) Nature of isotherm is different for two gases for same 


adsorbent 


ll. If adsorption of a gas on a solid is limited to monolayer 
formation, then which of the following statement(s) is/are 


true? 


(1) At low pressures, kd varies proportionately with p 
m 


(2) Atmoderate pressures, ~ varies less than proportionately 
m 


with p 


(3) At hogh pressures, ~ becomes independent of p 
m 


(4) At high pressures, ~ varies more than proportionately 
m 


With p 
' Select the correct statement(s): 
(1) Physisorption is favoured by low temperature 


R 


(2) Chemisorption is favoured by very high temperature 


because the process is endothermic 


| adsorption is reversible, has low heat of 
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(3) Chemisorption increases with increase in temperature 
owing to high activation energy 

(4) Oxygen adsorbed by charcoal can be desorbed by 
lowering pressure and temperature 


Classification, Preparation and Properties of Colloidal Sol. 


13. 


14. 


Which of the following is/are correctly matched? 
(1) Butter-gel (2) Milk-emulsion 
(3) Fog—aerosol (4) Dust-solid sol 
Which of the following is/are elastic gel? 


(1) Gelatin (2) Silicic acid 
(3) Agar agar (4) Starch 
15. Which of the following is/are negatively charged sol? 
(1) Gold sol (2) Prussian blue dye 
(3) Haemoglobin (4) Starch 
16. Which of the following is/are aerosols? | 
(1)Smoke (2) Milk (3) Butter (4) Fog 
17. Which of the following is/are lyophobic colloids? 
(1) Gold sol (2) As,S, sol 
(3) Fe(OH), sol (4) Starch sol 
18. Which of the following is/are not correctly matched? 


20. 


21. 


22. 


23. 


24. 


A 


(2) Foam—mist 
(4) Solid sol-cake 


(1) Emulsion—curd 
(3) Aerosol-smoke 


. Which of the following electrolytes will not be most effective 


in the coagulation of gold sol? 


(1) NaNO, (2) K,[Fe(CN)¢] 

(3) Na,PO, (4) MgCl, 

Which of the following are macromolecular colloids? 
(1) Starch (2) Soap 

(3) Detergent (4) Cellulose 

Isoelectric point is the pH at which colloidal particles 


(1) Coagulate 

(2) Become electrically neutral. 

(3) Can move toward either electrodes 

(4) None of these 

Tyndall effect is applicable when 

(1) The diameter of the dispersed particle is not much 
smaller than the wavelength of the light used. 

(2) The diameter of the dispersed particles is much smaller 
than the wavelength of the light used. 

(3) The refractive indices of the dispersed phase and the 
dispersion medium must be same. 

(4) The refractive indices of the dispersed phase and the 
dispersion medium must differ greatly in magnitude. 


Multimolecular colloids are present in 
(1) Sol of sulphur (2) Sol of protein 
(3) Sol of gold (4) Soap solution 


Select the correct statement(s). 


(1) Aerosol is a colloidal solution of liquid in gas while gel 
is a colloidal solution of solid in liquid. 

(2) Foam is a colloidal solution of gas in liquid while 
emulsion is a colloidal solution of liquid in liquid 
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26. 


27. 


_ Select the incorrect statement(s): 


(3) Starch, gelatin and gum are lyophilic in nature 


(4) At CMC, the surfactant molecules undergo aggregation. 
micelle formation and reduction in surface tension O 


water. 


s. Brownian movement and maxwell 


he properties of colloidal sols. 
phoresis at high potential and freezing 


(1) Electrophoresi 
distribution are t 

2) Peptisation, electro 
can destroy the emulsion 

(3) Mechanical disintegration method is used for the 
preperation of colloidal graphite and printing ink. 

(4) Mechanical disintegration method is suitable when 
dispersion medium is an organic liquid 

Which of the following statements is/are true? 

(1) Flocculation value is inversely proportional to 
coagulating power 

(2) Colloidal silica is protective colloid 

(3) Alum is used for cleaning muddy water 

(4) Gelatin is added in ice cream, it acts as an emulsifier. 


Which of the following statements is/are correct? 


(1) Mixing two oppositely charged sols neutralizes their _ 


charges and stabilizes the colloid 

(2) Presence of equal and similar charges on colloidal 
particles provides stability to the colloids 

(3) Any amount of dispersed liquid can be added to emulsion 
without destabilizing it 

(4) Brownian movement stabilizes sols. 


Catalysis 


28. 


29. 


30. 


31. 


Which of the following statements is/are wrong? 
(1) Zeolites are hydrated aluminosilicates which can be used 
as shape-selective catalysts. 
(2) Enzymes show maximum activity when pH is either 
very low or very high. 
(3) Enzymes show maximum activity at room temperature 
(20—-25°C) 
(4) Chemically, all enzymes are globular proteins. 
Which of the following statements is/are not correct? 
(1) A catalyst always increases the speed of a reaction. 
(2) A catalyst does not take part in the reaction. 
(3) A catalyst may affect the nature of the products formed. 
(4) A catalyst is always an external substance added to the 
reaction mixture. 
Which of the following belong(s) to the family of enzymes? 
(2) Pepsin (3) Ptylin (4) Cellulose 
Which of the following is/are not possible in case of auto- 
catalysis? 


(1) Lipase 


(1) Reactant catalysis 

(2) Heat produced in the reaction catalysis 
(3) Product catalysis 

(4) Solvent catalysis 


32. 


34. 


35. 


36. 


37. 


38. 


— ge 
Which of the following is/are the characteristic ofa catalyst 


(1) It changes equilibrium point. 
(2) It alter the rate of reaction. 


(3) It initiates the reaction. 
(4) It increases the average KE of molecules 


Which one of the followings is/are an example M 


homogeneous catalysis? 
(1) Formation of SO, in the chamber process. 


(2) Formation of SO, in the contact process. 

(3) Hydrolysis of an ester in the presence of acid. 

(4) Decomposition of KCIO, in the presence of MnO.. 

Efficiency of the catalyst does not depend on its? 

(1) Molecular weight (2) Number of free valencies 

(3) Physical state (4) Amount used 

Which of the following statements is/are correct in the case 

of heterogeneous catalyst? 

(1) The catalyst lowers the energy of activation. 

(2) The catalyst actually forms a compound with the 
reactant. 

(3) The surface of the catalyst plays a very important role. 

(4) There is no change in the energy of activation. 

Select the correct statements: 

(1) Heterogeneous catalyst lowers the energy of activation 
and reactant molecules are adsorbed on the surface of 
the catalyst 

(2) Catalyst changes physically and quantitatively 

(3) Ni is used in the hydrogenation of oil and thermite 
process does not involve any catalyst 

(4) The decomposition of H,O,, is slowed down by the 
addition of small amount of acetamide which acts as 

` poison 

Which act(s) as negative catalyst? 

(1) Lead tetraethyl as antiknock compound 

(2) Glycerol in decomposition of H,O, 

(3) Ethanol in oxidation of chloroform 

(4) None of the above 

Which of the following statement(s) is/are correct about 

solid catalyst? 

(1) Same reactants may give different products by using 
different catalysts 


(2) Catalyst does not change AH of reaction 

(3) Catalyst is required in large quantities to catalys¢ 
reaction 

(4) Catalytic activity of a solid catalyst does not depend 
upon the strength of chemisorption. 


Linked Comprehension Type II 


Paragraph 1 


A chemist studied the phenomenon of adsorption by putting boo? 
charcoal in KCI solution. He observed difference in the behavio" 
with dilute KCI solution and with concentrated KCI solution- He 


forward a 
M pressure, 


a) physical adsorption is endothermic where 


i as chemi- 
sorption is exothermic. 


4) Chemical adsorption is endothermic whereas 
adsorption is exothermic. 
, which of the following plot will be linear? (More than one 


correct) 
(1) Plot of log x/m versus P 


physical 


(2) Plot of m/x versus 1/P 


P 
(3) Plot of log —— versus P 
j m/m 


(4) Plot of log m/x versus log P 


taa 


| The correct order of the adsorption of gases studied will be 
(1) NH, > SO, > CO, > HCI 
(2) CO, > SO, > NH, > HCI 
(3) SO, > NH, > HCl > CO, 
(4) HC1> SO, > NH, > CO, 


. Which of the following result is observed with the 
experiment of KCI solution? 


in 


(1) Dilute KCI solution shows no adsorption whereas 
concentrated KCl shows adsorption. 
(2) Concentrated KCI solution shows positive adsorption 
whereas dilute KC] solution shows negative adsorption. 
(3) Concentrated KCI solution shows no adsorption whereas 
dilute KC] solution shows adsorption. 
(4) Dilute KCI solution shows positive adsorption whereas 
concentrated KCI solution shows negative adsorption. 
Paragraph 2 
Emulsions are also called the colloidal solutions in which the 
“sperse phase as well as dispersion medium are liquids. It may 
* oil-in-water or water-in-oil type. Emulsifiers can be used to 
*ébilize the emulsion. Soaps, detergents, proteins, and gums are 
“ed as emulsifiers. 
5. Which of the following examples is/are oil-in-water-type 
emulsion? 
(1) Ink (2) Detergent (3) Soap (4) Milk 
6 Emulsion can be destroyed by (more than one correct) 
(1) The addition of emulsifier which tends to form another 


emulsion 
(2) Electrophoresis with high potential 
(3) Freezing 
(4) All 
I. Butter is an emulsion of type 
(1) Water in oil (2) Oil in water 
(3) None (4) Both (1) and (2) 


sed the adsorption of different gases on solid 7 
e 


adsorbent 


a N 


8. 
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ddition of lyophilic solution to the emulsion forms 
(1) A protective film around the dispersed phase 


(2) A protective film around the dispersion medium. 
(3) An aerosol 


(4) True solution 


A 


Which of the following is homogeneous? 
(1) Milk (2) Paint (3) Shampoo (4) All 


Paragraph 3 


There are certain substances which behave as normal, strong 
electrolyte at low concentration but at higher concentration they 
behave as colloidal solutions due to the formation of aggregated 
particles. Such colloids are called associated colloids and the 
aggregated particles are called micelles. The formation of micelles 
takes place above certain concentration called critical micellization 
concentration (CMC) and a characteristic temperature. 


10. 


11. 


12. 


13. 


14. 


Micelles are 

(1) Emulsion-cum-gel 
(3) Associated colloids 
Micelles are formed only 
(1) Above CMC and above the Kraft temperature 

(2) Below CMC and the Kraft temperature 

(3) Above CMC and below the Kraft temperature 

(4) Below CMC and above the Kraft temperature 

Above CMC, the surfactant molecules undergo (more than 
one correct) 

(1) Aggregation (2) Micelles formation 

(3) Dissociation (4) All 

What type of molecules form micelles? 

(1) Non-polar molecules 

(2) Polar molecules 

(3) Surfactant molecules 

(4) Salt of weak acid and weak base 

Micelles are used in 

(1) Detergents 

(3) Magnetic separation 


(2) Adsorbed catalyst 
(4) Ideal solutions 


(2) Petroleum recovery 
(4) All of these 


Matrix Match Type ill 


This section contains questions each with two columns—I 
and II. Match the items given in column I with that in column IL. 


Column I 

-| Dispersion of A(OH), p. ~ Macromolecular 
by small quantity of 
AICI, 

„| Addition of large 
quantity of AICL, in (a) 


colloid 


q- Selective adsorption 


-| Solution of haemoglobin | r. 
in water 

.| Chromatographic 
seperation of comp- 
onents of a solution 


Flocculation 


.| Peptization 
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p 
q- 
r. 


Coagulation 


; Protective colloids 


Solvent. __ — —— 


A Associated colloids 


. | Purple of cassius 


. | Cheese 


Dialysis 


| Coagulation 
Electrophoresis 


Column I 


b. x/m= KP!" 


c. For humidity control | r. 
. Freundlich adsorption 


d. Gas masks 


. Brownian movement 


| l 
a. Activated charcoal 


[7a] 


. A device to adsorb 


ca 


.| An emulsion 


Column Il 


Gold sol 


Sewage disposal 
Smoke precipitator 


Column II 


poisonous gases 
One of the adsorbents 
Silica gel 


isotherm 


a. Physisorption p.| Multimolecular 

b. Chemisorption |q. | High heat of activation | 

c. Activated r.| High temperature | 
_ adsorption required 


|d. | Desorption 


. | Electro-osmosis 


Column I 


water vapour 


Placing silica gel in 


Placing anhydrous 
CaCl, in water vapour 


os Low pressure required 7 
| t. | Determination of charge 
| on colloidal particles 


l q. Occlusion 


J 7 Placing finely divided r. | Adsorption 
nickel in a closed vessel 
sl Solve i rp AR. H gas a 
| Solvent heating _ containing- - 2 a | aes 


‘ “Shaking dil 
solution with blood 


charcoal 


. | Negative adsorption 


e. Conversion of proteins 


into amino acids 


me | 


1. 


From the given following sol how many can coagulate the 


haemoglobin sol? 
Al(OH)),, starch, clay, As,S,, CdS, basic 


Fe(OH), Ca(OH), 
dye. 
(1)1 (2)3 (3)4 (4)8 
_ From the given following sol how many can coagulate silica 
acid sol? 


Fe(OH),, Ca(OH),, Al(OH),, Starch, Clay, As,S,, CdS, 
Basic dye. 

(1) 4 (2) 3 (3) 2 (4) 8 

For the coagulation of 500 mL of arsenious sulphide sol. 
2 mL of 1M NaCl is required. What is the flocculation value 


of NaCl? 

(1) 3 (2) 2 (3) 5 (4) 4 

The coagulation of 100 mL of a colloidal sol of gold is 
completely prevented by addition of 0.03 g of haemoglobm 
to it before adding 1 mL of 10% NaCl solution. Calculate 
the gold number of haemoglobin. 


(1) 4 (2) 8 (3) 3 (4) 9 


. The gold number of gelatin is 0.01. Calculate the amount of 


gelatin to be added to 1000 mL of a colloidal sol of gold to 
prevent its coagulation, before adding 1 mL of 10% NaCl 
solution. 


we (2) 1 (3)4 (4) 5 


- 526.3 mL of 0.5 m HCl is shaken with 0.5 g of activated 


charcoal and filtered. The concentration of the filtrate 1s 
reduced to 0.4 m. The amount of adsorption (x/m) is 


(1) 3 (2) 6 (3) 8 (4) 4 


- In an experiment, addition of 5.0 mL, of 0.006 M BaCl, 


to 10.0 mL of arsenic sulphite sol just causes the complete 
coagulation in 34 h. The flocculating value of the effective 
ion is : g 
(1)2 (2)3 


(3) 4 (4) 5 


- In an adsorption e i 
an adsorption experiment, a graph between log (x/m) 


aia log P was found to be linear with a slope of 45°. The 
aan i y axis was found to be 0.301. Calculate the 
amount of the gas adsorbed per der 2 
pressure of 3.0 atm. per gram of charcoal un 


(1) 4 (2) 2 (3) 6 (4) 8 


ee” 


yar answer Type 
f correct following statements is incorrect , 
i it of a P 
| sor because of van der Waals forces 
p! asiy liquefiable gases are adsorbed readily, 
A l l 


igh pressure, It results into multim 


egarding 


V rh olecular layer 
i abel surface. 
` n aes . ` 

eathalPY of adsorption (4/7, dsorption) iS slow and positive. 
d 


(AIEEE 2009) 
‚and D are 0.50, 


imbers of protective colloids A, B, C 
sid nl 
' Gold n ect order of their 


LU o.1.and 0.005, respectively. The corr 
arn powers is 
"0 eae 
gases Bap 


(2)C<B<D<A 
()B<D<A<c 


(AIEEE 2009) 


sccording to Freundlich adsorption isotherm which of the 
yA 


a ? 
plowing 1s correct: 


X 0 
N ada 4 
m 


X l 
2) =p 

m 
wA l/m 
3) —* p 

m 


4) Allofthe above are correct for different Tange of pressure 

(AIEEE 2012) 

t The coagulating power of electrolytes having ions Na*, A+, 

ad Ba” for arsenic sulphide solution increases in the order 
1) AP* < Ba?+ < Nat (2) Nat < Ba? < A]3+ 
3) Ba** < Nat < A]3+ (4) Al?* < Nat < Ba2+ 


(JEE Main 2013) 
` Jgof activated charcoal was added to 50 mL of acetic acid 
“lution (0.06 N) in a flask. After an hour it was filtered 
à “the str ength of the filtrate was found to be 0.042 N. The 
“ni of acetic acid adsorbed (per gram of charcoal) is 
Smg (2) 36 mp 
3)42 mg (4) 54 me 
(JEE Main 2015) 
tte near Plot of log (x/m) versus log p in a Freundlich 


kand Which of the following statements is correct? 
0g 


or (Un) appears as the intercept 


and I/n appear in the slope term 


n 
(4) Wi Pears as the intercept 

Th ai l/n aPpears as the slope (JEE Main 2016) 

1 ing 

Nditig al effect is Observed only when following 


âre satisfied. 


~~ 


í ——Mves E e 
Poo coe 


- The qualitative sketches I, H and I 


Surface tension 


(i) The diameter of the dispersed particles is much smaller 
than the wavelength of the light used. 
(li) The diameter of the dispersed particle is not much 
Smaller than the wavelength of the light used. 
(iii) The refractive indices of the dispersed phase and 
dispersion medium are almost similar in magnitude. 
(iv) The refractive indices of the dispersed phase and 
dispersion medium differ greatly in magnitude. 
(1) (i) and (iv) (2) (ii) and (iv) 
(3) (i) and (iii) (4) (ii) and (iii) 
(JEE Main 2017) 


JEE ADVANCED 
Single Correct Answer Type 


1. Among the following electrolytes, which is the most 


effective coagulating agent for Sb,S, solution? 


(1) Na,SO, (2) CaCl, 
(3) AL(SO,), (4) NH,CI 
(IIT-JEE 2009) 


- The coagulating power of electrolytes having ions Na”, A+ 


and Ba** for arsenic sulphide sol increases in the order - 
(1) Na® < Ba? < ap+ (2) Ba** < Na® < A 
(3) AP+ < Na® < Ba2+ (4) Al>* < Ba™ < Na® 


(JEE Advanced 2013) 


- Methylene blue, from its aqueous solution. is adsorbed on 


activated charcoal at 25°C. For 


this process, the correct 
Statement is 


(1) The adsorption requires activation at 25°C 
(2) The adsorption is accomanied 
(3) The adsorption increases with 
(4) The adsorption is irreversible 


by a decrease in enthalpy 
increase of temperature. 


(JEE Advanced 2013) 
I given below show the 
variation of surface tension with molar concentration of 
three different aqueous solution of KCI. CH,OH and 
CH,(CH;),, OSO} Na* at room temperature. The correct 
assignment of the sketches is 


l 1 | m 


Surface tension 
Surface tension 


—_—_ TS |, as Sis sa 
i ` ` my "o Ghee 
Concentration Concentration Concentration 


(I) 1: KCI I: CHOH UL: CHACH), OSO} Na* 
(2) 1: CH (CH), OSO; Na* UL: CHLOH M:KC 
(3) 1: KCI I: CHY(CH,),, OSO; Na* M : CHOH 
(4) 1: CHOH H:KCI I: CHYCH,), OSO; Nat 
(JEE Advanced 2016) 
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Multiple Correct Answers Type 


1. The correct statement(s) pertaining to the adsorption of a 


gas on a solid surface is(are) 


(1) Adsorption is always exothermic. 


ay transform into chemisorption at high 


(2) Physisorption m 
temperature. 

(3) Physisorption incre 
chemisorption decreases W 

(4) Chemisorption is more exothermic than physisorption; 
however, it is very slow due to higher energy of 
activation. (IIT-JEE 2011) 

| Choose the correct reason(s) for the stability of the lyophobic 


colloidal particles. 
(1) Preferential ads 


solution. 
(2) Preferential adsorption of solvent on their surface from 


ases with increasing temperature but 


ith increasing temperature. 


orption of ions on their surface from the 


the solution. 

(3) Attraction between different particles having opposite 
charges on their surface. 

(4) Potential difference between the fixed layer and the 
diffused layer of opposite charges around the colloidal 


particles. 

(IIT-JEE 2012) 
. The given graph/data I, II, II and IV represent general trends 
observed for different physisorption and chemisorption 
processes under mild conditions of temperature and 
pressure. Which of the following choice(s) about I, II, I 
and IV is/are correct? 


. The correct statement 


(2) IV is chemisorption and II is chemisorption. 


(3) Lis physisorption and III is chemisorption. 
n and III is chemisorption. 


(IIT-JEE 2012) 


(s) about surface properties is(are) 


(4) IV is chemisorptio 


(1) Adsorption is accompanied by decrease in enthalpy and 


decrease in entropy of the system 

(2) The critical temperatures of ethane and nitrogen are 
563 K and 126 K, respectively. The adsorption of ethane 
will be more than that of nitrogen on same amount of 
activated charcoal at a given temperature 


(3) Cloud is an emulsion type of coloid in which liquid is 
dispersed phase and gas is dispersion medium 


(4) Brownian motion of colloidal particles does not depend 


3 200 K 

5 g, 
3 250 K : 

Wh & } 
2 $ 
3 h 
k : j 
j 
l y 
J y 
IV. E : Distance of molecule l 
g from the surface ; 
£ AH ads = 150 kJ mol i 

(1) Lis physisorption and II is chemisorption. | 

y 


E P constant 3 P constant 
4 i 2 on the size of the particles but depends on viscosity ot 
L Ë IL. 4 the solution 
Es z (JEE Advanced 2017) 
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‘Nuclear Chemistry 


OVERVIEW 


| j, Nuclear chemistry deals with the phenomenon involving 


| 


the nuclei of the atoms. 

The phenomenon of spontaneous emission of certain kinds 
of radiations by same elements is called radioactivity and 
the radioactive elements. 

1, The phenomenon of natural radioactivity was discovered 
by Henry Becquerel in 1896. 

3, Polonium and radium were isolated from pitchblende. 
Radium is about 2 million times more radioactive than 
uranium. 

4, a-particles are helium nuclei (charge = +2 and mass 
=4 amu). B-particles are electrons (charge = —1 and mass 
= very small). 

5. a-rays are deflected towards negative plate of the electric 
field through a small angle where as B-rays are deflected 
towards positive plate through a larger angle and y-rays do 
not undergo a large deflection. 

6. Increasing penetrating power = a < B < y 
Increasing ionizing power = y< B<a 
Increasing luminosity on ZnS screen = y< PB <a 

I Isotopes: Atoms of same element having same element 
having different mass numbers, e.g., Hepa. 

8. Isobars: Atoms of different elements having same mass 
numbers, e.g., (C14, N14, 

9, Isotones: Ato ae: ; b 

: Atoms of different elements having same number 

of neutrons. 

lsoclectronic: Atoms of different elements having same 
number of electrons. 

* Isodiaphers: Elements which have the same value of 
”~ p) are called isodiaphers. 

* Isosters: Compounds having same number of atoms and 
‘ame number of electrons, e.g., CO,, N,O etc. 

Nuclides and their decay product after one a and two fj 
Particles are called isotopes. 

M 


Z Z 
4A a e E aa z4 
A a as A-2+1Č 
D2 or D^ 


n A-2+1+1 
erefore, A and D are isotopes. 


~~ 


14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


Nuclides and their decay product after B emission are called 
isobars. 

BE —! He 

Nuclides and their decay product after æ emission are called 
isodiaphers. 

i AZ =n pe 5B? 4 

Nuclides which have an odd number of proton and odd 
number of neutrons are unstable (i.e., radioactive) and which 
do not have N/P ratio in the stability zone. 

If the atomic number is below 82, then when W/P ratio 


is very low, it increases either by B®(,,e°) emission or 
K-capture (_,e°). The new N/P ratio of daughter element is 


Cal . Here p changes to n and B®. 
jH! — gn! + e. 

If the atomic number is below 82, then when N/P ratio is 
very high, it decreases by BO( e) emission. The N/P ratio 


of the daughter element becomes z m 
to p and B°. a 
gt! —— H! +e 

The changing of N/P ratio towards the stability of elements 
having atomic weight less than 82 is due to strong n-p and 
p-p attractive forces operating at nuclear distance. 


7 . Here n changes 


If the atomic number is greater than 82, then the N/P ratio 
becomes stable by a-emission (,He*) leading to daughter 


. N-2 
element M/P ratio to f 
Z-2 


For heavier nucleus, (p-p) repulsion forces start to offset 
the attractive forces. Therefore, the reduction of Z leads to 
the reduction of p-p repulsion, and excess of neutrons over 


protons are required for stability. 

Up to Z = 20 —> Stability value of M/P = 1 
Up to Z = 30 —> Stability value of MP = 1.13 
Up to Z = 40 —> Stability value of M/P = 1.25 
Up to Z = 50—> Stability value of M/P = 1.40 
Up to Z = 60 —> Stability value of M/P = 1.80 
Up to Z = 80 —> Stability value of M/P = 1.53 


6.2 Physical Chemistry 


23. 


24. 


25. 


26. 


27. 


28. 
29. 


30. 


31. 
32. 


Nuclear radius is about 10-> the radius of atoms. The density 
of the nucleus is very high (10!4 g cm), 


Radius (r) of the nucleus of any atom = r = R,A", 
A = mass number, R, (constant) = 1.3 x 10-5 m 


= 1.3 x 10713 cm 
Unit for expressing the area of nuclear cross-section is barn 
(1 barn = 10-74 cm? = 10-28 m?). 
1 amu`= 1.66 x 107? kg; 1 amu = 931.5 MeV 
Radium of nucleus, r = R,4"7, where 
R, = 1.4 x 10°, 4 = mass number 


Group displacement law: It was proposed by Fajan, Soddy, 
and Russel in 1913. It states that when an a-particle is 
emitted, the daughter element has atomic number 2 units less 
than that of the parent element. It is consequently displaced 
two places (group) to the left in the periodic table. When a 
B-particle is emitted, the daughter element has an atomic 
number | unit higher than that of the parent element. It 
is consequently displaced one place (group) to the right 
in the periodic table. However, in the case of elements of 
lanthanide series (57—71) and actinide series (89—103), 
which belong to group 3, this law does not hold true. 


a. In lanthanide series from element Pr to Tm, after a- or 
B-emission, group 3 elements remain same for parent 
and daughter element. 


b. Similarly, for actinide series, from element Pa to Md, 
after the emission of a- or B-emission, group 3 elements 
remain same for parent and daughter element. 


238 _ 4 234 
e.g. 92U „He —> goth 


Group 3 Group 3 


Binding energy is the energy released during the hypothetical 
formation of the nucleus from individual nucleus. It arises 
from the fact that the mass of a nucleus is less than the mass 
of the sum of the nucleons. The difference is called mass 
defect. Binding energy is a measure of the stability of the 


nucleus. Nuclei with mass number around 60 have higher 


binding energy and hence more stable. 

l __ _ Isotopic mass — Mass number <10 
Packing fraction = —— ae |! a ee 
Kinetic equation of radioactive decay: 

N=N,e * (exponential form) 

p- 2303 og Mo = 2303 _ og 4 

N 1 a— x 

K is the disintegration constant or decay constant 
is the number of atoms of the radioactive 
the number of atoms 
t initially present, and 


Jog 


where 
(in time™’), No 
substance originally present, N is 

present at any time £, a is the amoun 
a — x is the amount present at time l. 


Half-life period, t42 = 0.693/K. 
Average life period, A = 1/K =, )/0.693 = 1 441. In nuclear 
chemistry chapter, quite often symbol A is used in place of 


K. 


ee 


38. 


33. Ina disintegration series, for intermediate consecutive atom 
A, B, C, etc., in equilibrium, : 
K,N, = KgNp = KNe- 


or Na = Ke - Mhada 
Ng Ka (tn) 


34. Amount (N) of the substance left after n half lives 


n 
=N= No (=) , where NV, is the amount or number of atoms 


initially present and n is the number of half lives. 
Total time 
n= ——— 
hiya 
a. A radioactive element undergoes 50% decay in one half 
life. 
b. The time in which 63.2% radioactive element undergoes 
decay is called average life A. 
c. The radioactive element undergoes 99.9% decay in 
10 times of half life. 
OF fog go, = 1061/2 
d. An element undergoes 75% is two times of half life. 
OF t75% = 2b 
e. bsy = 0.4t1 2 oo 
f. Total life span of a radioactive element is infinite. 


35. Some radioactive elements undergo a- and $-decay in 


parallel path. 
g7Fr-> + »He* 
Ky 


eke” 


K2 
227 4 0 
goth T -1E 


Overall decay constant K = K, + K, 
Ki 


Fractional yield of Fr = r3 


> 


Fractional yield of Th = 


36. At equilibrium, 


A— B—  C...... 
AmountofA — Ky — ()>)p 
Amount of A 


37. Unit of rate of decay: 


| curie (Ci) = 3.7 x 10! dis s~! 

| millicurie (mCi) = 3.7 x 10’ diss ! 

| microcurie (Ci) = 3.7 x 104 dis s`! 

| rutherford (Rd) = 10° dis s~! 

| millicurie (mCi) = 37 rutherford 

| becquerel (Bq) = | dis s~! 

Radius (7) of the nucleus of any atom = r = RA? 
x% = Percentage of radioactive 


t 0.3 
U a et substance decomposed 


a = Initial amount of substance 
a —x = Amount of substance left 


a 
(a —x) 


=i} 7 


h 1% log a-y) 


a — x = Amount of substance 


a 
log| x 


x left 
he a e= Frik of substance 
yle 


=) of radioactive decay is given as: 


Mass 

a = $” Atomic mass 
E 0.693 , Mass 
= fp Atomic mass 


x 6.023 x 1073 


x 6.023 x 1923 


j. The various disintegration series are: 


Pb-208 


4n+] Pu-241 | Bi-209 59 52 


Uranium |U-238 Pb-206 | 59 51 


series 
Actinium 


Pb-207 58 51 


series 


*It is an artificial series. 


4. Magic numbers: The extra stable nuclei having large 


number of isotopes have fully filled nuclear shells 
(i.e., have closed shells). These are the shells which contain 
2, 8, 20, 50, 82, or 126 neutrons or protons. These numbers 
are therefore called magic number of the nuclear shells. 


3. Out of protons, neutrons, a-particles, B-particles, etc., 


neutrons are the best bombarding particles because they are 
neutral and have significant mass. 


= Cyclotron, synchotron, and bevatron are the machines used 


for accelerating the particles. 


‘S. Artificial/induced radioactivity means making a stable 


nucleus radioactive on bombardment with a suitable particle. 


It was discovered by Irene Curie and her husband F. Joliot 
in 1934, 


] 
€g., Het + AL —> P + on 


1P — 458i? + e 


47. 


48. 


49. 


50. 


SI, 


52. 


53. 


54. 


55. 


56. 


57. 


58. 


59. 


- Artificial radioactivity can be induce 
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i. d in elements with 
w atomic numbers but natural radioactivity is shown by 
ements with high atomic number (>83). 
Nuclear fission: 
up into two small 
235 
ggQU"> + 


Process in which a heavy nucleus breaks 
er nuclei on bombardment with nucleus. 
ó n! > Oe TEE egal 4. yK + 3! 

Critical mass: Minimum mass of fissionable material 
required that leads to a self-sustaining chain fission 


reaction for oọ2U%5. The critical mass is between 1 and 
100 kg. 


Nuclear fusion: The process in which two nuclei of light 
atom fuse to form heavy nuclei with the liberation of large 
amount of energy. 

pH? + H? —> „Het + 23 x 108 kJ mol! 

Fusion reactions are thermonuclear reactions which require 
very high temperature (>10° K). 

The only nuclei which undergo nuclear fission are U-235 
and Pu-239. 


The control rods used in a nuclear reactor are made up of 
Cd-113 or B-10. They can absorb neutrons. 


Heavy water (D,O) is used as a moderator in the nuclear 
reactor. It slows down the speed of neutrons. It also acts as 
a coolant. 


Elements with atomic numbers greater than 92, 1.e., which 
come after uranium, are called transuranic elements. Except 
plutonium which has a half life of about 24,000 years, all 
other have very short, half, lives. 


The actinide series is complete at element with Z = 103 
(lawrencium). Elements with Z = 104-109 are d-block 
elements. These are called transactinides or super heavy 
elements. Thus, transuranic elements include transactinide. 
Most of these elements have been synthesized by artificial 
transmutation. Hence, they are called synthetic elements. 


The difficulty in the synthesis of transactinides lies in the 
fact that they have been obtained by bombardment with 
medium weight nuclei and it is extremely expensive to build 
accelerators which can accelerate them. 


The radioisotope generally used in the treatment of cancer 
is Co-60. I-131 is used in the treatment of thyroid disorders 
and P-32 in the treatment of leukemia. 


The age of minerals and rocks is calculated from the amount 
of lead present a long with a definite amount of uranium 
(U-PB method) or He along with U, called helium dating. 


Radiocarbon dating is used for predicting the age of fallen 
tree or dead animal form the knowledge of the ratio of 
C-14/C-12 present in the sample as compared to that in the 
atmosphere or fresh wood. 


6.4 Physical Chemistry 


6.1 INTRODUCTION 


Nuclear chemistry is concerned with nuclear stability and the 
process of nuclear changes. Thus, the branch of chemistry dealing 
with the phenomenon involving the nuclei of the atoms is known 
as nuclear chemistry. 


The phenomenon of spontaneous emission of highly 
penetrating radiations by heavier elements of the periodic table is 
called natural radioactivity and the elements showing this property 
are called radioactive elements. Radioactivity is essentially a 
nuclear phenomenon. The experimental evidence reveals that the 
phenomenon of radioactivity is not at all affected by the imposed 
conditions of temperature, pressure, chemical combinations, etc. 
Therefore, electrons orbiting the nucleus were not responsible for 
radioactivity. Hence, radioactivity must be the property of heavy 
nuclei only. In the universe, there are only 81 stable elements 
having one or more non-radioactive isotopes. No stable isotope 
exists for the elements above ,,Bi*”’. Thus, bismuth is the heaviest 
stable nuclide. Two earlier elements technetium and promethium 
exist only as radioactive isotope. 


6.2 DISCOVERY OF RADIOACTIVITY 


The phenomenon of radioactivity was accidentally discovered 
by French scientist Henri Becquerel who in 1896 reported that 
uranium salts emitted a radiation with properties similar to 
X-rays (discovered earlier by Rontgen, 1895). 

After the discovery of radioactivity, Marie Curie and 
Pierre in later years led to the discovery that the atoms of certain 
other elements such as thorium, radium, and polonium undergo 
spontaneous decay and emit similar radiations. Since that time 
more than 40 elements have been found to exhibit natural 
radioactivity, and a large number of elements have been made 
radioactive by artificial means. 


6.3 NATURE OF RADIOACTIVE 
RADIATIONS 


The nature of the radiations emitted from a radioactive substance 
was investigated by Rutherford and his co-workers in 1904 by 
applying electric and magnetic field to the radiations as shown in 
Fig. 6.1. It is observed that on applying the field, the rays emitted 
from the radioactive substance are split into three types. The 
rays which are attracted towards the negative plate are positively 
charged and are called alpha (a) rays. The rays which are deflected 
towards the positive plate are negatively charged and are called 
beta (B) rays. The third type of rays which are not deflected on 
any side but move straight are known as gamma (y) rays. Further, 
B-rays are deflected to a much greater extent than a-rays, which 


indicates that the particles in B-rays are much lighter than those 
in G-rays. 


Photographic plate 


y-ray? 


1 | tt tid 


+++++74+ 
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Radioactiv 
substances 


(a) (b) 


Fig. 6.1 (a) Deflection of radioactive rays in electric field, and 
(b) Emission of radioactive rays and their deflection in magnetic 


field 
Some important properties of the three types of radiations 
(a-, B-, and y-rays) are discussed below: 
a. Alpha (a) rays 
i. Nature: The direction of the deflection of a-rays in electric 
and magnetic field shows that they carry positive charge. 
It is found that each o-particle carries two units of positive 
charge and has mass nearly four times that of hydrogen atom. 
Thus, a-particles are fast moving helium nuclei jHe?* with 
energy about (6-16) x 107} J. 
ii. Velocity: The velocity of a-rays is found to be nearly 
1/10th to 1/20th of that of light, depending upon the kind 
of nucleus from which they are emitted. 


iii. Penetrating power: Since a-particles are heavy particles, 
hence they have small penetrating power. They are stopped 
by a piece of aluminium foil of 0.1 mm thickness. 

iv. Ionizing power: a-rays ionize the gas through which they 
pass. The ionization is due to the knock out of electrons 
from the molecules of the gas when the high-speed heavy 
a-particles hit these molecules. a-rays have 100 times 
greater ionizing power than B-rays and 10000 times greater 
than y-rays. 

v. Effect on photographic plate and zinc sulphite 
screen: a-rays affect the photographic plate and produce 
luminescence on ZnS screen due to high kinetic energy. 

b. Beta (B) rays 

i. Nature: The direction of the deflection of B-rays in electric 
and magnetic field shows that they Carry negative charge. 
-rays are merely electrons of energies that are about 
(0.03-5.0) x 107" J. B-rays are represented as por geh 

ii. Velocity: Since B-particles are much lighter than 
a-particles, they travel much faster. The velocity is 3% to 
99% of that of light. 

iii. Penetrating power: B-rays are more penetrating than 
a-particles. This is due to small size and high velocity. It 
can penetrate to 1-cm-thick sheets of aluminium. 


; nizing power: The ionizing effect of B-rays is about 


rr we that of a.-rays, but it is effective over much longer 
S 


distanc®. , 

| pffect on photographic piate and zinc sulphite screen: 
| : „rays affect the photographic plate and is greater than 
| q- particles. It has little effect on ZnS screen due to low 

jnetic energy. 
| Gamma (y) rays 
i | Nature: y-rays are not deflected in electric or magnetic field 
showing that they do not carry charge. These rays are of very 
short wavelength and therefore are of very high energy. 

j, Velocity: They travel with the same velocity as that of light. 
Penetrating power: They have highest penetrating power 
out of all the three types of radiation. Their penetrating 
power Is about 10!° times more than a-rays. They can be 
stopped only by thickness of about 15-20 cm of lead. 

w. Ionizing power: As they do not have charge, their ionizing 
power is very low. 

. Effect on photographic plate and zinc sulphite screen: 
y-rays have very little effect on the photographic plate and 
zinc sulphite screen. 


The various properties of a-, B-, and y-rays are given in 
Table. 6.1. 


=. 


ill 


_ 


Table 6.1 Properties of a-, 8-, and y-rays 


Property a-rays B-rays y-rays 
2 Name | Fast moving | Fast moving — Electromagnetic 
He nuclei | electrons radiations with 
| very high 
frequency 
b. Notation sHe* d y 
“ Charge | 2units(+ve) | 1 units(-ve) | No charge 
Velocity 1/10 of light | 3% to 90% of; Same as 
| light | light waves 
& Nature of Straight line | Crooked Waves 
path | 
Relative 1 (or 0.01 mm | 100 (or 0.1 cm 10000 (8 cm 
Penetrating of Al foil) of Al foil) lead or 25 cm 
Power | steel) 
* Relative 10000 | 100 l 
lonizing | 
Power 
: Deflection Defected Deflected Not deflected 
towards towards | towards 
electrical or, -ve pole | +ve pole 
Magnetic 
field | 
influence | | 


d particles, 
j Geiger Muller counter: It is used to count sion Ti ets 
e.g., a- and B-particles emitted by a radioactlv 


— Nuclear Chemistry 6.5 
Counter is simply a metal tube filled 


In order to count and detect neutrons, boron trifluoride (BF,) 
is a along with gas in the GM counter. Neutron strikes 
sB” nuclei to produce a-pa 


rticle, which is then detected 
and counted in Geiger counter. 


with a gas such as argon. 


10 . 
sB” + pn! —> 3Li’ + „Het 


Scintillation counter: y-radiations are detected by 
scintillation counter, A phosphor is used in this counter which 
produces flash of light when it is struck by electromagnetic 
radiation such as y-rays for detection of y-rays. Sodium 
iodide (Nal) and thallium iodide (TII) is used as phosphor. 


Rutherford first of all used zinc sulphide (ZnS) as phosphor 
in the detection of a-particles. 


6.5 NUCLEAR STRUCTURE AND 
NUCLEAR PROPERTIES 


An atom of any element consists of a positively charged nucleus 
surrounded by one or more negatively charged electrons, the 
whole atom as such being electrically neutral. Nearly all the 
mass of an atom is concentrated in the nucleus, which has 
a radius of about 10-!> m, i.e., about 10% times that of the 
atom. The nucleus consists of positively charged protons and 
electrically neutral neutrons, collectively known as nucleons. 
The atomic number Z of an atom is the number of protons in the 
nucleus that defines the identity of an atom. The mass number 
A of an atom is the integer nearest to the relative atomic mass 
and is equal to the number of nucleons in the nucleus; it follows 
that the number of neutrons in the same nucleus is (4 — Z). 


(a particular nuclear species with specific atomic number and a 
mass number referred to as nuclide). 


Note: The area of cross-section of a nuclei is expressed in terms 
of a unit called barn (1 barn = 10-74 cm? or 10°78 mô). 


Isotopes 


e Atoms of same element having same atomic number but 
different mass number are known as isotopes, e.g., .O'°, 

17 018 
e Isotopes of an element have different number of neutrons. 


e Isotopes of an element are placed at same position in periodic 
table. 


e Isotopes have different physical nature (due to different 
atomic mass) for same chemical nature (due to same atomic 
number). 


e Nuclides and their decay products after one a- and two 
f-particles are called isotopes. 
ne m- 3 5 
/A — > 7 aB $, 7 co 4 


-B ) pAm-4 
e Isotopes differ in radioactive nature and chemical reactivity 
o Heavier isotopes may be radioactive | 


o Lighter isotopes are more reactive 
m native o oe ` , 
Vherefore, H? is radioactive and iH! 


is More reactj 
Isobars rune 


e Atoms of different ele 
isobars, e.g., 
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e | ; | 
Sobars have same number of nucleons. 


i : : 
Isobars have different physical and chemical nature. 


Nucl; : ' 
l eae and their decay product after B emission are called 
isobars. Tritium, a B emitter forms isobar „He?, 
3 
Isotones 


: ; . 
Atoms having same number of neutrons are called isotones, 
e.g., ,H? and „He? 


e Mass number -— Atomic number = Constant (i.e., number of 
neutrons) 


Isoelectronics 


e Atoms and ions having same number of electrons are 
called as isoelectronics, e.g., N37, O2-, F!-, Ne, Na®, Mg?*, 
Al*. 

e The size of isoelectronic ions decreases with increase in 
atomic number. 


Isodiaphers 
e Atoms having same difference of neutron and proton or 


same isotopic number. 
e Nuclides and their decay product after a emission are called 


isodiaphers. 

e.g., A” ——“» | ,He”~4 

Isotopic number = n- p = m — 2Z 

p=Z p=Z-2 

n=m—-Z n=m—-Z-2 

n—p=m-—-2Z n—-p=m-—2Z 
Isosters 


e Molecules having same number of atoms and same number 
of electrons are called isosters, e.g., CO, and N,O. 


Nuclear isomers 
e Nuclides having identical atomic number and mass number 
but differing in radioactive decay are known as nuclear 
isomers. 


e Nuclear isomers differ in their energy state, spins, and 
parities, e.g., Co™ and Co”; Z and Zn”; Br®® and Br°™; 


U, and U}. 
The symbol m with mass number represents the metastable 
state of parent element. 


Isomeric C o0 


transition 
e Nuclear isomers thus have different rate of decay, decay 

constant, half life, average life, and binding energy. 

Packing fraction: The difference between actual isotopic 
mass and mass number is termed as packing fraction (Aston). 
Actual isotopic mass is not a whole number whereas mass number 
is a whole number. 

Packing fraction 
_ Actual isotopic mass — Mass number 104 
p Mass number 


Co™ 


The value of packing fraction depends upon the mann 
of packing of the nucleons within the nucleus. Its value can 
negative, positive, or even zero. ° 


Carbon!? has zero packing fraction because it is taken aş 
reference on the atomic scale and its actual isotopic mass (12) 
equal to its mass number (12). i 


The negative sign of the packing fraction means that the 
actual isotopic mass is less than the mass number. This in turn 
indicates that some mass has been transformed into energy (bind 
energy) during the formation of the nucleus. Such nuclei 
therefore, more stable. 


ing 
are, 


The positive packing fraction should imply the Opposite, 
i.e., the nuclei of such isotopes should be unstable. However, this 
generalization is not strictly correct especially for elements of 
low mass numbers. For these elements, though packing fraction 
is positive, yet they are stable. This is explained on the basis that 
the actual masses of protons and neutrons (of which nuclei are 
composed) are slightly greater than unity. 


In general, lower the packing fraction, greater is the binding 
energy per nucleon and hence greater is the stability. The relatively 
low packing fraction of He, C, and O implies their exceptional 
stability. Packing fraction is least for Fe (—ve) and highest for for 
H (+78). 

Meson theory of nuclear forces: Neutron is found to play a 
leading role in binding the nuclear particles. It has been established 
that neutron—proton attractions are stronger than the proton—proton 
or neutron—neutron attractions. 


This is evident by the fact that deuteron. ie having one 
proton and one neutron, is quite stable while no particle having 
either two neutrons or two protons is known. 


Yukawa in 1935, put forward a postulate that neutrons 
and protons are held together by very rapid exchange of nuclear 
particles called pi mesons (of the formation of a covalent bond by 
sharing of electrons). Pi mesons have mass equal to 275 umes of 
the mass of an electron and a charge equal to +1, 0 or—1. These are 
designated as n®, n and 7°, respectively. The nuclear forces called 
into play by this rapid exchange of pi mesons between nucleons 
are also called exchange forces. 

The binding forces between the unlike nucleons (p and n) 
are explained by the oscillation of charged pi meson (x° or t°). 

a ptn = nt n® + ny = NTPs 

b. p tn, p+ ro tp,» = n tP, 

Binding forces between like particles (p-p or n-n) 
result from the exchange of neutral mesons (x) as represented 


below. 
e Pp, =p, tr orp, +n? 
© Py =P orp, 


— 
<= 
—à 
— 


d. ny = 1,4 n? orn, + 1° 


6.6 GROUP DISPLACEMENT LAW 


The atomic nuclei of radioactive elements are unstable and liable 
to disintegrate. During disintegration, atoms of new element 


4 


a . . . 

i elements having different chemical and physical 
| id Pr i the parent element (that has undergone decay) 
P jest 

spt existence. 


m - 4 process (decay process) may. 
ti he gisinteeration P Ce ) may. proceed in 


| plow" a ai Wh -particl * is emi 

ee cle e mission: When an a-particle |,He*] is emitted 

if oP? she nucleus of an atom of the parent element, the 
from „s of the new element, called the daughter element, 
mes atomic mass number less by four units and 
osse number less by 2 units. The daughter elements after 


called an isodiaphers of parent element. 


Parent element —, Daughter element 


atomic number Z rails 
pxamples are: gga” —> Rn??? + Het 
Os —> o)Th?** + „Hef 
pro’ —> g2Pb°!! + „Hef 
it may be pointed out that there is conservation of both 
atomic number and atomic mass number in the equation of 


a nuclear reaction. 

p-emission: B-particle is merely an electron which has 
negligible mass. When a beta particle is emitted, the nucleus 
of the new element formed possesses the atomic mass, but 
nuclear charge or atomic number is increased by 1 unit over 
the parent element. Beta particle emission is due to the result 
of decay of neutron into proton and electron. 

0 


o 


mi —> P Fe 
Parent element _—B , Daughter element 
A 
Zi 
nt that is an isobar of 


Atomic mass A 

Atomic number Z 

6-emission results to daughter eleme 
parent element. 

Examples are: ,,Pb*!* > m: 42 


234 2344 œe 
213 + e? 


0 
0 


Pe eam a 
: Y-emission: Gamma rays are emitted due to secondary 
effects. After the emission of an alpha particle or beta 
particle, the nucleus is left behind in excited state due to 
recoil. The excess of energy is released in the form of pan 
rays. Thus, y-rays arise from energy re-arrangements ae 
nucleus. As y-rays are short wavelength ene 
radiations with no charge and no mass, their emission 


ee w element. 
a radioactive element does not produce ane l 
d by two successive 


with the original 


co 


In case an a-emission 1s followed P 
B-emissions, a nuclide which 1s jsotopic 
one may be produced, €.g-» 

= -P 
pae en une at» 6j 
The above results have been summarize 


displacement law”: 


pa234 _ py Oa 
d below as “group 


a 
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I. When an a-particle is emitted, the new element formed 
is displaced two positions to the left in the periodic table 
than that of the parent element. 


Parent element 


Daughter element 


P. 
Two positions left of the original element. 

ii. When a B-particle is emitted, the new element formed is 

displaced one position to the right in the periodic table 


than that of the parent element. 


A 
lx |X 


N ž 
Daughter element 


Period 
Parent element 
Pa 

One position right of the original element 
However, the group displacement law does not apply on 


lanthanides and actinides. 


The lanthanides and actinides are in group 3, so after 
a and B emission, the daughter element remains 1m the 
same group (except for La, Ac, and last element Lu and 


Lr), i.e., all in third group. 

For example, in a-emission from ee ea 
ae „Hef, the daughter element X also remains 
in third group. 

Lanthanide series 


Daughter element Parent element 


Both parent element and daughter element are in third 
group. 


n; cat 141 1414 o0 
Similarly, B-emission from ;ọPr © > 59 + ser 92 


Group 3 


Daughter element 


Parent element 
Here again parent and daughter elements remain in same 


group. 
But in the case of ela element a-emission shift, the 
daughter element shift by two position left in the periodic 


table. But B-emission from La produces daughter element 


that belongs to group 3. 


For example, -emission 


139-4 


Daughter element 
Pa ee 
E Two position left of the original element 
Similarly, in the q- 
the daughter elem 
for Ac and Lr. 
In addition to a-, B- 
of decay processes are 
K-capture. 


Parent element 


» and y-emissions, tw 
also observed, viz, B® 


and B-emission from actinides series 
. . ? 
ent remains in the same group except 


o other types 
-emission and 
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a. B®-emission: A positively charged beta particle (B®) is 
known as positron. The emission of a positron (B®) results 
into a decrease of atomic number by one unit. It is now 
believed that B-emission involves the transformation within 
the nucleus of a neutron to proton or proton to neutron. 


Thus 
gti > H’ + ae (n> pt+p®); A —> gn! + yo 
(Positron) 
An example of B® emission is 
„Na? — ‚Ne? + geo) 
NB —> C! + B® or ae 
b. K-capture: In some nuclides, the nucleus may capture an 


electron from the K shell. The vacancy created is filled by 
electrons from higher levels giving rise to characteristic X-rays. 


y-ray 


6 wile? So 
cot i. ys, ek 
(mr "N 4 r 
os y eh 
» € K, c F, 
Sn, Te 
\ > 
a ere i : 
Positron emission Annihilation 
X-ray 
= be š LA 
~ Dew r e 
g OE CPi “Ys 
o a p i hy 
wid OD w á 
J Electronic transition 
Electron capture ; 
from valence orbital 


Fig. 6.2 B®-emission and K-capture of electron 


This process is known as K-electron capture or simply 
K-capture. An example of K-capture is: 

133 0 133 
goa? + 4a? 5sCS + X-ray 
The change in the nucleus is represented by 
pe+ee—n 
The neutron produced remains in the nucleus and the atomic 
number decreases by one unit as the result of K-capture. 


What may be the place of a daughter element in the periodic 
table, which is obtained after the nuclide ygPo07!* undergoes an 
g-emission followed by two successive f}-emissions? 

SOI) The lose of one u-particle will reduce the mass number by 
4 and atomic number by 2. Subsequent two BO emissions 
will increase the atomic number by 2 without affecting 
the mass number. Hence, the new element will be only an 
isotope of the parent nuclide with mass number four less, 
i.e., ,4Po*!4, and hence its position in the periodic table 


remains unchanged. 


206 
U238 to „Pb“ °, how many a.-particles anq 


In the decay series gz 
how many P°-particles are emitted? 


ji) The change in mass is 238 — 206 = 32 units. It mean 
that 32/4 = 8 a-particles are emitted. With the emission i 
8 a-particles, the change in atomic number will be 8 x 9 
= 16, i.e., the new element would have atomic number 
92 — 16 = 76. But the final product Pb has atomic number 
82. It means there would have been an emission of 82 ~ 76 


= 6 B-particles. 


s of an electrically neutral atom undergoes a 
I] remain neutral after the decay 


When nucleu 
radioactive decay process, it wi 
if the process is 

a. An a-decay 


c. A y-decay 


b. A B®-decay 
d. A K-capture process 


c. Since y-particles are n 
change the charge of atom. 


eutral, therefore, its decay will not 


Arrange in increasing order of: 
a. The mass of a, B, and y 
b. The penetration power of a, B, and y 
c. The speed of a, P, and y 
d. The ionization capacity of gases of a, B, and y 


y<B<a 
b. Penetration power of a, B, and y 
a<B<y 
c. Speed of particles 
a< B <y 
d. Ionization capacity 
y< B <a 


a-rays have ionization power because they possess 
a. Lesser kinetic energy 
b. Higher kinetic energy 
c Lesser penetration power 
d. Higher penetration power 


b. Because of higher kinetic energy & 
power. 


- tea tjO0 
-rays have jonizatt? 


e the number of neutrons in the remaining atoms after 
of an alpha particle from U? atom. 


| calculat 
ihe © 


mission 


— (28 

Parent element = .,U 

f On account ofemission ofan alpha particle, the atomic mass 
) is decreased by 4 units and atomic number by 2 units. 


t | So, atomic mass of daughter element = 234 

| Atomic number of daughter element = 90 

| Number of neutrons = Atomic mass — Atomic number 
= 234 - 90 = 144 


The atomic Mass of thorium is 232 and its atomic number is 
aq. During the course of its radioactive disintegration 6a and 

, particles are emitted. What is the atomic mass and atomic 
number of the final atom? 


Sol Radioactive disintegration reaction: 


232 __ —6a,-48 
ggth Z 
Loss of a-particle decreases the atomic mass 
=6 x 4=24 unit 


So atomic mass of the product atom = (232 — 24) = 208 


Also a-particle decreases the atomic number of element by 
2. Therefore, total loss of atomic number = 6 x 2 = 12 


Loss of B-particle does not change the atomic mass but loss 
of B-particle increases the atomic number by 1. 


Therefore, total gain of atomic number due to B-particle = 4 
The total change in atomic number 

= Loss due to a-particle emission 

— Gain due to B particle emission 

=12-4=8 
So, atomic number of product atom = 90 — 8 = 82 
Therefore, Z has atomic mass = 208 
Atomic number = 82 


Or pL 


Atadioactive element A disintegrates in the following manner: 
 A—*,p—f,c — D 
Which one(s) of the elements A, B, C, and D are isotope(s) and 
ch one(s) is/are isobar(s)? 
Let the mass number and atomic number of clement A be 
M and Z, respectively. The following changes shall occur 
during disintegration: 
M_- -B M. -f 14 
eee ly r: mee "E i 4 s Jae aD" 
and D are isotopes as both have same value of Z. 


B,C, and D are isobars as these have same values of atomic 
Mass 
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How many moles of helium are produced when 1 mole of ,,U*** 
disintegrates into .,Pb20%? 


“Sol.” Radioactive change is 
gg?” ) ero 
Decrease in mass = (238 — 206) = 32 
Let the number of o-particles emitted be x. 
4x = 32 => x=8 


Thus, 8 moles of helium are produced when 1 mol of ,,U77* 
disintegrates into ,,Pb?”. 


How many a- and f-particles will be emitted when ,,Th*** 
changes into ,,Po7!®? 


| The change is: 

nha = gapo 

Parent End product 

Decrease in mass = (234 — 218) = 16 amu 
Mass of | a-particle = 4 amu 


Therefore, number of a-particles emitted = i =4 

Number of B-particles emitted " 

= 2 x Number of a-particles emitted — (Atomic number 
of parent — Atomic number of end product) 

=2 x 4- (90 - 84) =(8-6)=2 

Hence, number of a-particles = 4 

and number of B-particles = 2 


Calculate the number of a- and B-particles emitted when ,,U~* 
changes into radioactive ,,Pb°"°. 


® Parent element = ,,U**8; daughter element = Pb?’ 

Let x a- and y B-particles be given out during the change 

PU i ay sah es x,He* 4 y_,e° 

Equating mass number on both sides 

238 =206+4x+yx0 

orx=8 

Equating atomic number on both sides 

92= 82 + 2v + y(-1) 

=82+2x8+y(-l) 

ory=6 

, Number of ct-particles = 8; Number of B-particles = 6 
If a y,U2 nucleus upon being struck by a neutron changes to 
PP Va three neutrons and an unknown product. What ts the 
unknown product? 


Sol. The reaction can be presented as: 
235 l 145 4 A43 n! 
92??? + git! ——> s6Ba zx" + 0 
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Equating the mass number on both sides, we get 
235+1=145+A+3%1 


- A=88= Atomic mass of X atom 


i r th si et 
Similarly, equating atomic numbers on both sides, we g 


$ 92+0=56+Z+3 x 0 
~ Z=36= Atomic nul 
Therefore, unknown pro 


nber of X atoms 
. 88 ; 88 
duct 1S 36 ees 36K! f 


Th222 belongs to II group. It emits an a-particle. The daughter 
90 5 


element belongs to 


a. | group b. II group 
c. II group d. IV group 
b. Th? —> ggRa?* + shes 

Il II 


Note that elements from 89 to 103 are placed in group III. 


A heavier element continuously emits a- and f-particles. The 
finally stable element may belong to: 

b. 16th group 

d. 12th group 


a. 14th group 
c. 10th group 


a. Neptunium series ends at Bi (15th group) and rest all 
series terminate at Pb (14th group). 


Radioactive disintegration of ,.Ra””® takes place in the following 
manner into RaC. 

Ra ——*-5Rn ——* > Rad —* 5 RaB —! > Ra 
Determine the mass number, atomic number, and group of 
periodic table for RaC. 


ESI Parent element is ,,Ra””®. 
Atomic mass = 226 
Atomic number = 88 
Emission of an a shows a loss in mass number by 4 units 
and loss in atomic number by 2 units. 
Emission of a B shows a gain in atomic number by one unit; 
mass number remains same. 


(—,He* He e 
aka” 2 ), Rv 2 ) „Rn A28 ) Rap 
II group Zero group VI group VII group 
—(,He") 
„r214 
gyRaC 
V group 


Atomic number of RaC = 83 

Mass number of RaC = 214 

Group of element RaC is V from configuration 2, 8, 18, 32, 
18, 5. 


The number of electrons in outer shell suggest for group V. 


An atom has atomic mass 232 and atomic number 90. During 
the course of disintegration, it emits 2 f-particles and few 
a-particles. The resultant atom has atomic mass 212 and 
atomic number 82. How many a-particles are emitted during 


this process? 

Sol. Let the reaction Is 
ane X M: 4 wie" £9 g (i) 
Let x be the number of alpha particles emitted equate the 
atomic mass of both side of Eq. (i), 
232 =212+4x+2 0 

_ 232- 212 _ 5 
4 

Therefore, 5 a-particles are emitted. 


Xx 


Uy, and Uy- 


BERT 


Ee Vee Ri = 238 
‘Sol. Parent element = ,,U 
After o-emission, the daughter nucleus formed is U,,,. 


The reaction is: 

pU” —> ,Ux+ Hef 

Equating atomic mass on both sides, we get 

238=A+4 

A =234 

Equating atomic mass on both sides, we get 

92=Z+2 

<. Z=90 

The product atom is ,,U7*+,.,. This product atom emits 
B-particle. 


E 
i 


234 A 0 
9" —> zU% +€ 
Solving for atomic mass, we get A = 234 
Solving for atomic number, we get Z = 91 


Therefore, the product atom is ,,U3*. 


A radioactive nuclide emits y-rays due to 
a. K-electron capture 
b. Nuclear transition from higher to lower energy 
c. Presence of greater number of neutrons than protons 


d. Presence of greater number of protons than neutrons 


b. After a-, B-emission, nucleus goes to excited state; when 
it returns to normal state, emission of y-radiations takes 
place. 


ethe following transformations. the particles are 
2 shy 0 5 
yhte 
gees 
ited Š b. Neutro ypr 
aa proton to neutron n to proton 
no 


d. Neutron to ne 


1 a 
ș Proton to proton utron 


wo 0 + antincutrino 
H! + e” + antineu Tine 
b. T l l 


the transformation of X° to aY’, the number of 
g 


in 
Pees emitted are 
| PP a Pn 
| i + (>) —C ee 
| eA 8 q 


d. 2c-d+a-b 


: > EN 
a. For transformation of X° —> ,Y? + x,Het + B 
. l a-b 

Number of a-particles emitted = —— 


Equating for atomic number on both sides, we get 


e= d+2{2=") Ben 


=C 


. . 2359 
Which of the following elements is an isodiapher of ọ,U 


-209 d. ,Pa?*! 
z „Pb?!? b. Th! C. ¿Bi 9] 
¢. Isodiaphers are formed by a-emission 
231 y 
pU235__, ag lhe + He 
In the radioactive decay hui 
Dey, WA», ZA-* > 2 
| voc 
The Sequence of emission is d. P, y, @ 
a. q, B, y b. V a, B C. B, a, Y 


A 0 A 
€ 5X =E Fajt p 
Y4- Het 7 _,Z4- 
Z+] 2 Z-) Aad 
T *A — 

z- 4-y 7 Z 


In the Sequence of the reaction 


ship 
A 


- -B —_=% , D, what 1s 
B C 
E 


tween D and A? 


b 
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ation of A—P.y 3 Pype >D, 
in mass number and atomic number is: 

f (Èi , 

A3 ' > V4 B^ Eara ai LE 


Therefore, the atomic nut 
il is an isotope, 


Sol.) From transform 


the changes 


WoO ny yg 
rC —> D 


nber of A and D ig same, Hence, 


The radiation 
as seen after de 


s from a naturally occurring radioactive substance 
flection by a magnetic field in one direction are 


a. Only &-rays b. Only B-rays 


c. Both æ- and B-rays d. Either a- or B-rays 


d. Both a- and f-particles deflect in opposite o 
in the presence of magnetic field. Here on y 
one deflection is observed that will be for either 
a- or B-rays. 


Which of the following radiations is most easily stopped by air? 


a. O-rays b. y-rays c. B-rays d. X-rays 


K-capture 


a. Refers to capture by other nucleus of an electron from 
K-shell 


b. Results in decrease in Z 

c. Is of the type x 

s6Ba!? + _ je? — ,,Cs!33 + y-rays 
All of these 


The decay of a neutron to a proton also yields 


0 2 
a._,e° b. +1¢ C. ıH 


d. „Het 


Jl- 0 


CONCEPT APPLICATION EXERCISE 6.1 


1. From the following nuclear reaction 


Po —=> pp ——, Bi, 
elements Po and Bi if you kno 
14 of the periodic table. 
2. After the emission of an Q- 
what is the number of neu 


predict the group of the 
w that Pb belongs to group 


particle from the atom of pUe, 
trons left in the atom? 


haat 


3. Match the following: 
a. Isotopes 


P. ¿0'6 and ,O!7 
b. Isobars 


q. Na®, Mg?*, FO 
c. Nuclear isomers r. H? and „He? 
d. Isosters s. U} and U, 
e. Isotones t. CO, and N,O 
f. Isoelectronics EES a 


g. Isodiaphers v. pCa”? and | K” 


How many a- and -particles will be emitted by gla? 

in changing to a stable isotope of .,Pb2% 

5. How many a-, B-particles will be emitted when she" 
changes to „Rn???? 


6. What is the effect of temperature and pressure on the rate 
of radioactive disintegration? 

7. Name the most radioactive element isolated from 
pitchblende? 

8. In the sequence of following reaction 


B 


A—* B =$, c B, D, what is the 
relationship between D and A? 


9. An unstable isotope of carbon has n/p ratio of 1.33 times 
greater than the stable element and is moving with a 


velocity v of 6.023 m s~!. What is the value of £ xio 
in SI units? 


ANSWERS 


Po: Group 16; Bi: Group 15 2. 144 
a > p; b > v; c > s; d >t; e >r; f>q;g>u 
a.-particles: 5, B-particles: 4 


a-particles: 3, B-particles: 2 6. No effect 


Radium 8. A and D are isobars 9.7 


T ee 


6.7 NUCLEAR STABILITY AND 
NEUTRON/PROTON RATIO 


It has been found that the nuclei of those atoms are stable whose 


ratio of the neutrons to protons (n/p ratio) lies in the range 
of 1-1.5. 


The variation of n versus p for some nuclei is shown in 
Fig. 6.3. 


The stable nuclei lie within the shaded area which is called 
the region or zone of stability. All the nuclei falling outside this 
zone are invariably radioactive and unstable in nature. Nuclei that 
fall above the stability zone have an excess of neutrons while those 
lying below have more protons. Both of these cause instability, 
These nuclei attain stability by making adjustment in the MP ratio. 
Two cases thus arise: 


a. n/p ratio is higher than required for stability: Such nuclei 
have the tendency to emit B-rays, i.e., transforming a neutron 
into proton. 


gt'—— ,p'+_,e° (B-particle) 


Z = 20, n = 20(Ca"), the rel 
line with a slope of 45 degree, 
when n = 
with the 


of the curve where the n/Z ratio is lowe 
stability, 


Stability 
belt 


90 B P 


Number of neutrons (n) 


n/p = 1:25 492n 


10 20 30 40 50 60 70 80 
Number of protons (p) or atomic number (Z) 


Fig. 6.3 A plot of number of neutrons (n) against the atomic number (Z) 
for a range of stable nuclei 


Thus, in B-emission n/p ratio decreases. For example, in the 
change of ,C'* to „N!4, n/p ratio decreases from 1.33 to 1. 
oa NI4 4 el 

b. n/p ratio is lower than required for stability: Such nuclei 
can increase n/p ratio by adopting any one of the following 
three ways: 


i. By emission of an alpha particle (natural radioactivity) 


9 3 : 
pU? — goth-*4+ „He? (a-particle) 
n/p ratio 146/92 144/90 
= L58 = 1.60 


ii. By emission of a positron (artificial emission) 
aN one xc? 4 ve 
n/p ratio 6/7 = 0.85 7/6= 1.16 
iii. By K-electron capture 
AU! + 


115/79 = 1.45 


a0 
16 — ark 


n/p ratio 116/78 = 1.48 


From Fig. 6.3, it is clear that for Stable nuclides up to 
ationship can be represented by a 
i.e., Maximum stability is attained 
Z. At higher values of Z, the graph becomes curved 
Slope of the curve gradually increasing. To the right 


r than that required for 


a radioactive nuclide can decay by B®-emission or 


pr aen: U a j4 


aa 


en , DZ- D To the left of the curve, a radioactive 


ro „uld be neutron rich and would decay by B°-emission 
le » a daughter nucleus with a lower n/Z ratio of 
p , 1). In either case, the daughter nuclide might be stable 
J has n/Z ratio within the stable range) or undergo further 


5 it . n . . . . 
jè “tilt ability is attained. This behaviour is explained by the 


l i i 
ik as well as p-p attractive forces operative at the level 


rp 

art! E wel , 

clear distances: For heavier nuclides, p-p repulsions start to 
juele 


{et the attrac 
uird for stability. 


e, which produces a daughter nucleus with a 


tive forces and excess of neutrons over protons is 


pet of n/p ratio on nuclear stability 


3, Nuclides 
number of neutrons are unstabled (i.e., radioactive) and 


which have an odd number of protons and odd 


which have n/p ratio not in stability zone. 


t. Ifthe Atomic number is below 82, then when n/p ratio 
is very low, it increases either by B® (,,e°) emission or 
K-capture Ce’). The new n/p ratio of daughter element is 


ut) Here p changes to n and B®. 


ie. gt! —> iH! + 4c 


«. Ithe atomic number is below 82, then when n/p ratio is 
very high, it decreases by B°(_,e°) emission. The n/p ratio 
0 


n-li 
Z+1 
J —> et ge. 


È The changing of n/p ratio towards the stability of elements 
having atomic weight less than 82 is due to strong n-p and 
Pp attractive forces operating at nuclear distance. 


é Ifthe atomic number is greater than 82, then when n/p ratio 


of the daughter element becomes 


} Here n changes 
to p and B®. 
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becomes stable by a emission (,He*) leading to daughter 


n-2 
aay 


element n/p ratio to l 


» For heavier nucleus, (p-p) repulsion forces start to offset 


the attractive forces. Therefore, the reduction of Z leads to 
the reduction of p-p repulsion, and excess of neutrons over 
protons are required for stability. 


. Up to Z = 20 —> Stability value of n/p = | 


Up to Z = 30 —> Stability value of n/p = 1.13 
Up to Z = 40 —> Stability value of n/p = 1.25 
Up to Z = 50 —> Stability value of n/p = 1.40 
Up to Z = 60 —> Stability value of n/p = 1.80 
Up to Z = 80 —> Stability value of n/p = 1.53 


When the value of Z becomes greater than 82 some nuclides 
attain greater stability (i.e., decay by a-emission) which 
reduces the initial n/Z value of (n — 2)/(Z — 2), the more 
important consequence being the reduction of Z leading to 
the reduction of p-p repulsions. 


From the above discussion, it appears that, the neutron-proton 


ratio plays a vital role in deciding the stability of nuclides as also 
the kinds of decay they undergo. 


6.8 RADIOACTIVE DECAY SERIES 


Radioactive heavy nuclei decay by a series of a- and/or 
B-emissions, finally resulting in the formation ofa stable isotope of 
lead. All the nuclei formed from initial to the final stable element 
constitute a series. There are four decay series distinguished by 
whether the mass numbers are divided by 4 or whether when 


divided by 4, there are remainders of 1, 2, or 3. The parent of (47) is 
og Th?” and its end product is ,,Pb-°*. The corresponding parents of 
the (4n + 2) and (4n + 3) series are ,U~"8 and ,,U~*>, respectively. 

. . . + si : . . = Į +37 j 
An painga series (4n 1) starts w ith neptunium o3Np>’ and ends 
in Bi". These series are summarized in Table 6.2. 


Table 6.2 The decay series 


r i 


Series | Name of the | “Starting | Stable end Value of n Value of nfor = Numberofa = Number of8— 
series element product for the starting the stable | particles particles 
| element end product | emitted emitted 
án | Thorium | „Th? PD” = os 6 P 
) 
series 
fn+1 | Neptunium ,Np?”’ we 59 52 7 . 
97 5 
series or 
: 60 
(artificial gu sz 8 . 
‘= | series) 5 
ån +4 > | omc e 238 pb?’ 59 s | | n 
| Uranium 92U #2 SI 8 — 
| series | 6 
cee a ea 
4 a 207 
"+3 | Actinium gue g2P b 38 51 j —4 
series or 4 
| | goo?! | , 5I 
a oe ee: arn | 5 
YN i 3 


7% 
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Similarities between radioactive series 


a. Inall the series, there is an element of zero group with atomic 
number 86. This element emits in the gaseous state and the 
process is called emanation. Different names are given to c. 
the three isotopes. These are radon in uranium serie 


in thorium series, and actinon in actinium series. 


b. Inall the series, the last product is an isotope of lead (atomic 


s, thoron 


number 82): Pb2% in uranium series, Pb?” in actinium 
series, while Pb2% in thorium series. Due to this reason 

’ 
lead is found in nature as a mixture of these three isotopes, 


In all the series, there are certain elements which 
disintegrate in a branching process by emitting either 
a- or B-particles. The species thus formed are then 
disintegrated in such a way so as to give a common product, 


Table 6.3 Radioactive disintegration series 


- 
f 


| Thorium (4n) series | 


x 


| 


| 


Neptunium (4n + 1) series | Uranium (4n + 2) series 


241 
9 4Pu 


p 


241 
o5 AM 


[ Actinium (4n + 3) series | 
238 135 | 
QU 92U | 
-a | -q 
234 | 123! 
99 Lh 991 1 
234 231 
Pa gba 
| -P e 
234 227 
2U A 
|-« y N 
230 223 IIT 
| —@. PN / 
226 223 
| gga gga 
| ‘= = 
| 222 a 
2 219 
218 215 
g4PO g4PO7 l~ 
| -B N |- a 
| 
| 218 > 
| At ga Phas ppb 
| “= A K “ 4o p 
g3 BI aor" 
k 
210 214 07 + 
gi T! g4PO gp rl gyPor! 
N Va: -B Va 
210 ae 
„Pb prb 0 
— B 
| R210 
g3BI 
O JN 
| K 
| [1206 Po2le 
| p Vi 
erie” | 


cL 
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NUCLEAR BINDING ENERGY 


; “pinding energy is the energy released during the 

le sical formation of the nucleus by the condensation of 
e 

ot nucleon. Thus, 

nol 


Total binding enegy 
pindin 


Number of nucleons’ 
MA example, the mass of hydrogen atom is equal to the 
rthe masses of a proton and an electron. For other atoms, 
m? mass is less than the sum of the masses of protons, 


g energy per nucleon = 


, atomic l n An , 
ihe „ns and electrons present. This difference in mass, termed 
atte 


nas defect, iS measure of the binding energy of protons and 


trons in the nucleus. The mass-energy relationship postulated 
que 
wy Einstein 1S expressed as: 


cere AE is the energy liberated, Am is the loss of mass, and c is 
ge speed of light. 

Consider a helium nucleus which contains 2 protons and 
neutrons; the mass of helium nucleus on !?C = 12 m,, scale is 
10017m, The mass of individual isolated proton and neutron is 
10073 and 1.0087 m» respectively. The total mass of 2 protons 
„d 2 neutrons is (2 x 1.0073) + (2 x 1.0087) = 4.0320 m, 
The loss in mass or the mass defect for helium nucleus is 
£0320 m,- 4.0017 m, = 0.0303 m, 

Since 1 m, = 1.66057 x 10-27 kg and c = 2.998 x 108 ms"! 

AE = 0.0303 x 1.66057 x 10-27 x 6.02 x 10% 

x (2.998 x 108) kg m? s? mol ~! 
=2.727 x 102 J mol 
Thus, the molar nuclear binding energy of helium nucleus 
He" is 2.73 x 10!2 J molt. 

The binding energy of a nucleus is generally quoted as energy 
zmillion electron volts (MeV) per nucleon. One million electron 
‘ols are equivalent to 9.6 x 10!° J mol". Thus, the formation of 
-telium nucleus results in the release of 


-17x 102 9.6 x 10!9 MeV = 28 MeV (approximately) 


3 In comparing the binding energies of different nuclei, it 
` more useful to consider the binding energy per nucleon. For 
sample, helium nucleus contains 4 nucleons (2 protons and 


~ eutrons), the binding energy per nucleon in this case is 
4=7 MeV. 


c Binding energies of the nuclei of other atoms can be 
< culated in a similar manner. Figure 6.4 shows the binding 
“egies of the nuclei of atoms plotted against their respective 
Fe es Three features of interest may be noted in gt fi ei 
ter, nuclei with mass number around 60 have the hi ghet z ~ 
she Per nucleon. Second, species of mass numbers : si pi 
Het bb high binding energy per nucleon implying that y eae 
C? and O!6 are particularly stable. Third, the binding energy 
"ucleon decreases appreciably above mass number 100. 

and K form of relationship between binding energy Pe" nucleon 
(ang ass number indicates that heavy nue 


t erefor . ena fi e n) i 
; e energy) on division (or fiss10 ' 
„lium ma gy) i jej would release mass (and 
th ss and that the light nucle 


fusi on a 1 j ha . 


—_ 
WN 


10!3 x Average binding energy 
per nucleon per Joule 


0 40 80 120 
Mass number 


160 200 240 


Fig. 6.4 


A plot of nuclear binding energy per nucleon against the mass 
number for naturally occurring nuclides 


What may be the new neutron and proton ratio after a nuclide 
gU? loses an a-particle? 


“Sol. ` If the original neutron-proton ratio was n/Z (146/92), the 
new ratio will be (n — 2)/(Z — 2), i.e., 144/90. 


ERA 


The atomic mass of F!9 is 18.9984 m,,. If the masses of proton 
and neutron are 1.0078 m, and 1.0087 m,» respectively, calculate 


the binding energy per nucleon (ignore the mass of electrons). 
(1 m,= 931 MeV) 


- Mass defect 

= [{(9 x 1.0078) + (10 x 1.0087)} — 18.9984] m, 
= 0.1588 m, 

Binding energy per nucleon 

= (0.1588 931) MeV/19 = 7.78 MeV 


Which of the following causes the emission of X-rays? 


a. Electron capture b. y-emission 


c. G-emission d. B-emission 


a. In certain nuclides, the nucleus captures an electron fr 
the K-shell (being nearest to the nucleus) oo 


The vacancy created is filled up with the eee 
the higher shells thereby emitting X ray ctron from 
s A-rays. 


Calculate the packing fraction of Aye 
= 3996238), 
"Sol, Isotopic atomic Weight of Ate 


Mass number of Ar% — 40.00 


“. Packing fraction = 39-96238 — 40 
aaa et 
40 x 104 
~ 0.03762 x 194 
Å 


Ah 40 


(isotopic weight of Ar 


= 39.96238 


=-9.405 


60mCo —> °C emits y-radiations of wavelength 3 x 107! m. 
Assuming each nuclei emits one wavelength, with what mass 
per mole of two nuclei differ? 


a. 4.43 x 10° g 
c. 4.43 x 10° g 


Sol. E/Photon = ae, also E = mc? 


b. 4.43 x 10° g 
d. 4.43 g 


N-he b) 
a , = mc 


Nh  6.023x10® x 6.626 x107 
OEM = mee a a a 


cÀ 3x108 x 3x107!? 
= 4.43 x 10° kg = 4.43 x 10% g 


To which radioactive families do the following nuclides belong? 
Rn. 228Rq. 307Pp, 209Bi, 233Pąa 


ESS Ra belongs to (47 + 2) family, i.e., uranium family. 
*?8Ra belongs to (4n) family, i.e., thorium family. 
207Pþ belongs to (4n + 3) family, i.e., actinium family. 
20°Bi belongs to (47 + 1) family, i.e., neptunium family. 
133Pa belongs to (4n + 1) family, i.e., neptunium family. 


To which group of the periodic table does the last member of 
the following series belong? 


239 140 
a. ggPu b. 5gCe 


a. ,,Pu**? belongs to actinide series, hence it is present in 
third group. 


218 
c. g4FO 


b. .,Ce’*° belongs to lanthanide series, hence it is present 
in third group. 
c. ,,Po*!* belongs to VI group. 


Calculate the neutron—proton ratio for each of the following 
radioactive nuclides, 


a. ee" b. Ar” c. gg J*'2 
a.p=6,n=14-6=8 
TOERE 
p 6 
b. p = 82, n = 238 — 82 = 146 
Zeles 
p 92 


c. p= 82, n=212 -82 = 130 


Show that a mass of 1.00 amu is equivalent to 931.5 MeV, 


|. | E=mc?, where m = mass defect 


c = velocity of light = 3 x 10!° cm s7! 
+ B= 1,66 10-4 x (3 x 1019)2 
= 14.94 x 104 erg = 1.494 x 10°19 J 
(1 MeV = 1.602 x 10-3 J) 


-10 
F= 1.494 x A 
1.602 x 10 


= 931.5 MeV 


Calculate the mass defect and binding energy per nucleon for an 
alpha particle (containing two protons and two neutrons) whose 
actual mass is 4.0028 amu (mass of proton = 1.00759 amu, mass 
of neutron = 1.00898 amu). 


Expected mass of an a-particle 
= 2 x 1.00759 + 2 x 1.00898 
= 4.03314 amu 
Actual mass = 4.0028 amu 
Mass defect = 4.03314 — 4.0028 
= 0.03034 amu 
Binding energy = 0.03034 x 931 MeV 
= 28.2465 MeV 
Binding energy per nucleon 


= ae = 7.062 MeV 


Which of the following are radioactive? 
114 

a. ¿Cd 
b. 41n!44, It has an odd number of proton and odd number 


of neutrons. 
p=49,n= 114- 49= 65 


Which of the following is least stable? 


C. Sn! d. „Mn 


114 114 
b. goin c. soon 


a. oo a 


7 be 
b. ,,ALM°, odd number of protons and odd num 


neutrons. 
p= 13,2 =30-13=17. 


b. pAr 


r of 


Cc. geo d. B$ 


120 
g. gon h. 3g Kr" 


49 
o-emitter => Aa. „Ca? f. pAb? h. 4 Kr 


| 
All of them have Z less than 82. 


n/p is higher and is 
cal = 2 4.45 pia py 
' 20 p 20 B~ -emission 
(atomic weight < 82). 
17 
3 > —=— =1.3 
f. ,;Al zB [Same reason] 
58 
CH ese 
h. kr => 2 36 ie [Same reason] 


| g°-emitter > b. aie? AB agho” 
All of them are Z less than 82. 


n/p is lower than the 


b. „Hg, n- 115 =1.43. stability belt for Hg, 
p 80 n/p should be equal 
t153, 
nip is lower than 1.53, so it will emit B® to increase 
n/p ratio. 
3 


d. Bê, “= 5206, (for stability n/p ratio = 1). 
p 


n/p is lower than 1. (z up to 20, "= 1} It is BY emitter. 
P 


e. „Ho!50, Ż = 33 _ For stability with Z > a 
p 67 n/p should be 1.50. 
nip is lower than 1.5. So B® emitter. 
Stable nuclides 


2 

PO 08. PS ed 

Both have even number p and even number of n. These 
are stable nuclides. 


| Analkaline earth metal is radioactive. It and its daughter element 
“cay by emitting 3 a-particles in succession. In what group 
| Should the resulting element be formed? 
3a = 3 „Hef = Atomic number decreases by 6. 
=> Loss of 6 p and 6 n. 


14 group (IV B) 
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The resulting element will be in 14th group. 


If a nuclide of an element in group I A (Ist group) undergoes 
radioactive decay be emitting B®, what will be the periodic 
group of the resulting element? 


a a 


Resulting element will be a noble gas (group 18). 


Which is more unstable of each of the following pairs, and 
in each case what type of process could the unstable nucleus 
undergo? 


16 N16 18 18 


a. In this case although ,C!® has even number of p and n, 
still its n/p ratio is higher than n/p ratio of „N'6, 


10 : For Z = 20, n/p 
kad of CY a should be = 1. 
P For stability 


nip ratio is higher than 1. It would emit B® to get n/p ratio 
back to stable range. 


16 14 0 


In case of ,N!®, oe t2 
p 1 
nip of ¿C!6 > nip of ;N'®. So ,C'® more unstable than 
NI6, | 
an 
b. In this case although ,F!® has odd number p and n, still 
its n/p ratio is equal 1, has n/p of Ne?’ is less than 1. 


Z of,F!8= -=l (For Z = 20, stability n/p = 1) 
n 18 = 8 . 
— of New = =0.8 (Its value is less than 1) 
p 10 


So ,)Ne!® would be unstable than ‚F!8, 


So, it will emitt B® or K-capture to get the ratio into the 
range of stability. 


n 8 n 9 
—=—=0.8 or —=-=] 
> 9 (0.8 — 1) 


 _ 
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Which one of the following processes ©, B®, B®, or K-capture 
cause 
a. An increase in atomic number 
b. A decrease in atomic number 
c. Emission of X-ray 
a. BO b. a, B®, and K-capture ce. K-caputre. 


a series disintegrates in a least 


Out of the four series, whicl 
branching manner? 

“Sol. (4n + 1) has least branching (artificial series). In 4n, 
(4n + 2), and (4n + 3) (natural series), there are certain 
elements which disintegrate in a braching process by 
emitting a- or B-particles. The species thus formed are then 
disintegrated in such a way as to give a common product. 


In radioactive series, an inner transition element ,,U?*® loses 
one a-particle and one -particle to produce a very unstable 
daughter nuclei ,,Pa**4 with half life 1.14 min. Find out the 
displacement in group due to these emissions. 


‘Sol. The reaction is: 


„U28 -2 > Th234 “BY 9, Pa234 

Since elements from ,,Ac to ,9,Lw exist is the same group, 
where as from Th to jọ} Lw are inner transition elements 
of actinium series, so group will not change. In this case, 
group displacement law is not valid. The daughter element 


will be in same group III B. 


Predict by what mole(s) spontaneous radioactive decay will 
proceed for each of the following unstable isotopes: 


a.,He® —b. gF!® c.g,Npt! d. Pa? 


a. „Heb; p=2;n=4=> Z == = 2(high) 


P 
“. B-decay 
b. Fi. p=9;n=9> 2=2=1 
p 9 
n 148 


c 9;Np™); p = 93; n = 148 > Pag a 


and Z > 82 > a or P decay 


d. „Po?35; p=91; n=144=> 7 -> = 1,58 (high) 
, p 


and Z > 82 => a- or B-decay 


CEPT APPLICATION EXERCISE 6.2 


CON 
1. In the reaction ,H? + AS itera „Hef + gn. If the binding 
energies of ,H”, ,H®, and He are, respectively, a, b, and c 
(in MeV), then calculate the energy released in this reaction, 
2. Calculate the mass loss in the following reaction: 
Het as Het + aft" 
Given masses: ,H* = 2.014 amu; H? = 3.016 amu 
„Het = 4.004 amu; pt! = 1.008 amu 
3. Calculate the energy change during the reaction 
sc + H'— 2He 
Given Am = 0.0185 amu. 
4. How much energy will be released during the following 


reaction? 
Fie — n hal ae a | 
Atomic masses of C!4 and N'4 are 14.00324 and 14.00307 


amu, respectively. 


ANSWERS 


1. c-a-—b 2. 0.018 amu 3. 17.2235 MeV 


= 4. 0.15827 MeV 


6.10 RATE OF RADIOACTIVE 
DISINTEGRATION 


The decay of a radioactive element is a random process and is 
independent of external factors such as temperature, pressure, and 
environmental changes. The radioactive disintegration follows 
first-order kinetics and hence the expression for the rate constant 
can be derived as follows: | 

Suppose a radioactive element A disintegrates to form an 
element B, i.e., 


A—>B 
Let JN, = total number of atoms present originally in the sample 
at time t= 0 


N = total number of atoms left in the sample at time t 


dN = a small number of atoms that disintegrate in a small 


interval of time dt 
ON 


A 


Therefore, rate of disintegration of the element = — 


(minus sign indicated that the number of atoms left undecayed 
decreases with time) 
According to the radioactive decay law, 


ON 

—_-—oawN (i 
z oC (i) 
ON 

— — = KN (ii 
Hy (ii) 


where K is constant, characteristic of the nature of the radioactive 
element and is called decay or disintegration constant. 

The rate of disintegration is also called the activity. Hence, 
activity = KN. It is measured by counting the number of particles 


aan 


ing instruments such as scintillation counter, Gei ger 
nd Wilson cloud chamber. 


| time US 
| / ef counter, 4 . 
| | 7 ol A is quite often used in place of K. 
$ | mes 


pquation 


p dN = Kdt 
| N 
| ping dt = l SWS goi 
| 
ON 
Hence the disintegration constant may be defined as the 
action of the total number of atoms, which disintegrate in one 


(ii) can be rewritten as 


...(iii) 
(iv) 


cond at any instant of time. 
Integrating Eq. (iii), we get 
InN=Kt+C 0) 
| where C is a constant of integration. 
But when f = 0, N = N, (as already stated) 


, -nN =0+C 
o C=- N ...(Vi) 
Putting this value in Eq. (v), we get 
-InN=Kt—InN, 
a Kt=ln N-n N= A = 2.303 bgi ...(Vil) 
N N 
2.303, N my 
a K=———log—2 (Vili 
, OBS, (viii) 


This equation is also sometimes written as 


a K=—— log 

Í a-x 
where a is the amount of the radioactive substance initially taken 
“idq—x is the amount present at time t. Evidently, the units of K 
“ill be time"! such as second-!, hour, year, etc. 


Equation (vii) can also be written in the exponential form as 


N, 
ee = okt or N = et 
N No 
T N= Nyekt ...(1X) 


os Equation (ix) shows that the radioactive decay is exponential 
‘shown in Fig. 6.5. The figure shows that N = 0 only at 1 = °°. 


€ 

= No 

= 

2 

Žo W2 

2 ~ No/4 

8 No/8 

E 0 

Z T 27 3T 

Time (t) —— > 

Fig. 6.5 
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6.10.1 HALF-LIFE PERIOD 


Half life of a radioactive element is defined as the time during 
which half the number of atoms present initially in the sample of 
the clement decay. 


It is a characteristic constant of a radioactive isotope and 
varies from millions of years to fraction of second depending only 
upon the nature of isotope (e.g., 4.5 x 10° years for ,,U238 and 
10-* 5 for ,,Po7!4), 


Putting / = {£ when N= N,/2 in Eq. (viii), we get 


2.303 
bp fg sige 2 eg s10 
K "N/2. K 
0.693 
or lin = K l ..(X) 


From this equation, we observe that the half-life period 
(t2) is independent of the initial amount. In fact, it is for this 
reason that it is preferred to express the life of a radioactive element 
in terms of half-life period. For example, the half-life period of 
radium is 1620 years. This means that 100 g of radium will be 
reduced to 50 g in 1620 years which will be further reduced to 
25 g in a further 1620 years and so on. 
Expression for the calculation of the amount of radioactive 
substance left after n half lives 
Let the initial amount of a radioactive substance be N,. 

After one half-life period (t), it becomes = N,/2 

After two half-life periods (2r,,,), it becomes = N /4 

After three half-life periods (32,5), it becomes = NØS 


After n half-life periods (nt, .), it shall become = =) No 


Thus, for the total disintegration of a radioactive substance an 
infinite time will be required. 


Time Amount of g Amount of radioactive 
(T) radioactive substance decomposed 
substance (N) (V, -—) 
0 No 0 
l 1)! l 
2t l N = l l N 3 l 
1/2 4 0 2 0 a= -Ejn 
3tip i N, = 1) N 7 l 
. g 8 ka) M0 3 No=[1-2]N, 
À 8 
Atin po N. = hy 15 
r 16 9 (5) No Perit pees N, 
= 16 16 0 
Py l n ; 
1/2 — | g 
a No Re |x 
| 2) | ° 
Amount of radio ine 7 
active substance | 7 
eft after 
n half-life Period 


T 
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6.10.2 AVERAGE LIFE 


Evidently, the whole of the radioactive element can never 
disintegrate or, in other words, the time required for the 
disintegration of the whole of a radioactive element will be infinity. 

Thus, it is meaningless to talk of the total life of a radioactive 
element. However, sometimes another term is used, called average 
life (t) which is the reciprocal of the disintegration constant (K), 
1.€., 

. ] t 
Average life (A) = —=—!2-=1.44xt 
K 0.693 ue 

Total life time of all the atoms 


or Average life = 
Total number of atoms 


The average life of a radioactive substance is 1.44 times of 
its half-life period. 


Alternatively, 
We know that K = a log (=) 
t N 
N N 
or Kt= 2.303 log (=) =In (=) [In = 2.303 log] 
wn No 
N 
N 
or — =e *! 
No 
Let t= ER then =e"! = 
K 0 e 
N ] 
— = — =0.3679 (e = 2.718) 
No 2.718 


% remaining amount 2 x100 = 0.3679 x 100 = 36.79 
0 


% decayed amount = 100 — 36.79 = 63.21 

Time during which 63.21% substance undergoes decay is 
called average life. 
Relation between rate of decay and mass of given element 


Rate (-2) =KĶKxN 
= K x Number of atoms of element 
undergoing decay 
Mass 
* Atomic mass 
x Avogadro’s number 


0.693 


hy2 


Parallel radioactive disintegration 
t A decays to B and C in two parallel paths as: 


A radioactive elemen 
Say emission of a B 
Ky 
A 
K3 


Say emission of B 


The average decay constant for element A can be expresseq 
a 
K=K +K, i 


K; 
; i fB= 
The fractional yield o K+K, 
i ield of C = K, 
The fractional yield o K,+K; 
For example, 
Say emission of 23 
ay of a Fe r „Hef 
227 
g9ÂC F 
227 


Say emission of B 


Overall average disintegration constant = K, + K, 


K 
Fractional yield of Fr = | A i 

K 
Fractional yield of Th = - 3 


Maximum yield of daughter element 
A radioactive element A decays to give a daughter element B 
which further decays to another daughter element C and so on 
till a stable element is formed (A —> B — C). Also if the number 
of daughter atoms at t = 0 is zero and parent atom is much more 
lived than daughter (i.e., Ką < Kp), where K, and Kg are decay 
constants of A and B, respectively, then the number of atoms of 
daughter element B after time £ is 

N.= E ae ap P] 

Beg oh 
Maximum activity of daughter element can be expressed at 


23 
t ae Se log ae 
Kg -K4 Kp 
Relationship between half-life time and time for x% decay 


0.69 03x23 n 
eo a 


max 


We know tin” 


2 (i) 
a-x 


and decay constant K = = log 


where ¢, is the time required to decay to x%, a = initial amount, 
and a — x = amount left after time t,. 


Dividing Eq. (i) by Eq. (ii), we get 


ty os £ ) 
a-y 


This can be used directly to calculate time required for x% 
decay. 

Similarly, for two different amounts of decay, let say ¥ 3” i 
y, we have 


l 


f 


! 


qradioactivity 
i radioactivity 1s becquerel (Bq) named after Antonine 


m wbi chis equal to one disintegration per second. 
pt oguerel (1 Bq) = l disintegration per second 
ae ford (1 Rd) = 10° disintegration per second. 


ned der unit, curie, named after Marie Curie is stil] used; 

(Ci) is defined as the amount of radioactive isotope that 
it? ae x 10!° disintegrations per second (the activity associated 
its? „fradium-225 with half-life of 1600 years). Thus, 1 Ci = 
A a disintegrations s7! = 3.7 x 10!° Ba. 


„11 RADIOACTIVE EQUILIBRIUM 


yet US consider that a radioactive element A disintegrates to give 
g which is also radioactive and disintegrates into C. 

A— B—>C 

lement B is said to be in radioactive equilibrium with 
of formation from A is equal to its rate of decay into 
d K, are the disintegration constants of A and B, N, 
er of atoms of each radioactive element present 


The e 

a ifits rate 

c If K an 

| md N, the numb 
siequilibrium, then we have 

Rate of formation of B = Rate of decay of A= KN, 


| Rate of decay of B = K,N, 
At radioactive equilibrium, 


KN = KN, 
1 
or NM z Ky _ K _ Average life of A 
N, Kı l Average life of B 
| K, 


Thus, the number of atoms of A and B are in the ratio of their 

average life periods. 
N _ Grade 
Ny (tn) 


When K, of parent element i l 
| clement, but both are not very small, then a transien 
| tached, when 


s less than Kp of daughter 
t equilibriums 


| 


Ne __ Ka 
| N K-K, 
In fact it is steady state. 


Kta] 


Calculate tin for Am2*! in years given that it emits l 
_ “particles per gram per second. 


Sa. 1 gram of Am contains N,/24! nuclei 
| 


= Ny 


Using the equation, 
Rate of decay = 1.2 x 10"! s~! 
= K x No 
= K x N,/241 
= K x 6.02 x 107/241 
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2x10! ° 


K=1.2 x 10!! x 241/6.02 x 1023 
=4.8 x 10!! ş! 
and ty = In 2/K = 0.693/K 
= (0.693)/ 4.8 x 107}! 
= 1.40 x 10!°s = 458 years 


How many atoms of 0.1 g-atom of a radioactive isotope Pg 
(half life = 5 days) will decay during the 11th day? 


‘Sol. Amount of radioactive substance = 0.1 g-atom 
SoN, = 0.1 x Avogadro’s number 
= 0,1 x 6.02 x 10” 


= 6.02 x 1022 atoms 


22 
Number of atoms after 5 days = a = 3.01107 


01x10” 
Number of atoms after 10 days = a 


= 1,505 x 107 
Let the number of atoms left after 11 days be N. 


We know that 


2.303 No 
t= —— log — 
K N 


.693 
Given t= 11, K= £ , N, =6.02 x10” 


ELEGER 6.02 x 10” 
0.693 N 


22 
6.02 x10" _ 11x 0.693 _ 9 6620 
N 2.3035 


So, 11 = 
or log 


22 
son = Antilog 0.6620 = 4.592 


gN 6.02 
4.592 


1022 =1.3109 x107” atoms decayed during 
11th day. 


10 g-atoms of an a-active radioisotope are disintegrating in a 
sealed container. In one hour the helium gas collected at STP is 
11.2 cm?. Calculate the half life of the radioisotope. 


Soi!) Amount of radioactive isotope = 10 g-atoms 
Ny = 10 x 6.023 x 1073 atoms 
= 6.023 x 1074 atoms 
22400 cm? of helium will contain = 6.023 x 1023 atoms 
6.023 x 10% 
22400 
= 3.01 x 102° atoms 


As one ene atoms is obtained by disintegration of one 
= o Tadioisotope, the total number of atoms of th 
radioactive isotope which have disintegrated in one f 


11.2 cm? helium will contain = x11.2 atoms 


hour 
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i 


= 3.01 x 107° or 0.0003 x 1074 


The number of atoms of radioactive isotope left after one 
hour, 


N = 6.023 x 1074 — 0.000301 x 1074 
= 6.0227 x 1024 


2.303, N, 
Using, K = log —2 
t j N 
_ 2.303, — 6.023x10° 
= log —— 
t 6.0227 x 1074 
= 2.303 x 2.1632 x 105 = 4.982 x 105 hr! 
0.693 
tin = 1.58 years 


(4.982 x 107 x 24 x 365) 


The half-life period of radon is 3.8 days. After how many days 
will only one-twentieth of radon sample be left over? 

0.693 0.693 

ISa We know that K = ee are 


Let the initial amount of radon be N, and the amount left 
after t days be N which is equal to N,/10. 
Applying the equation, 
„= 2303 og No 
N 
2.303 N 

Do lo N,/10 

_ 2.303 


0.182 
Alternatively, 


= 0.182 day”! 


log 


log 10 = 12.65 days 


t2 _ 0.3 


3.8 0.3 3.8 03 
ty, logld 


A counter rate metre is used to measure the activity of a 
radioactive sample. At a certain instant, the count rate was 
recorded as 400 counters per minute. Five minutes later, the 
count rate recorded was 200 counts per min. Calculate the decay 
constant and half-life period of the sample. 


Let No and N be the number of atoms of the radioactive 


substance present at the start and after 5 min, respectively. 
Rate of disintegration at the start = KN, = 400 
and rate of disintegration after 5 min = KN = 200 


re KN, _ 400 
Dividing both, KN 200 i 
or ot = 2.00 
N 
2.303 No 


= || = 
We know that K og N 


K = 2303 tog 2.00 = 0.138 min! 
5 
0.693 0.693 
, sA = ee = 5.0 min 
Half-life period K 0.138 


1 g of Au!’ (t = 65 hr) decays by B-emission to produce 
stable Hg. 

a. Write nuclear reaction for process. 

b. How much Hg will be present after 260 hr. 


b. ip = 65 hr 
T = 260 hr 
oT = tp on a 
<. Number of halves (7) = 5 =4 
N, 1 l 
Now, amount left undecayed (N) = ae = 7 = T g ji 
15 3 
~. Amount of Au decayed = ae g 


~ 198 g Au gives 198 g Hg. 


_ SA 


If the initial concentration of A is 0.25 M. calculate the 
concentration of C after 5 hr of reaction. 


Given, A, =1.5 x 105 s!, 4,=5x 106s" 


"BO A, =A, +A, = 1.5 x 10545 x 10°=20x 10% s7! 
Also, 2.303 ar ae ee 
A], 5 
aare i 
“. 2.303 log —— =20 x 10% x 5 x 60 x 60 i 
[A], 


“. [A], = 0.1744 M 


Ite 


% | g [A] decomposed 
: = 0.0756 M 
on of C formed = A x[A 2 
fraction j Ài ce Ny Mengo R 
-6 
=0.0756 x 2X10" 2 
20x10% 5 
= 7.56 x 103M 


„activity of the hair of an Egyptian mummy is 7 disintegration 
air! of cl4, Find the age of mummy. Given 1, < of C!4 is 
- sqm yeat and disintegration rate of fresh sample of C!4 is 


| disintegration min`’. 
S m= 14dpm, r=7dpm 


T 
F 
Also, rate at any time œ number of atoms 


Mo 


The 


=2 


40 = oad 
+ N 
N 2.303 x 5770 
Now, t = lopys — 2 
ii Soy 0693 8" 
t= 5770 year. 


Half life of a radioactive sample is 2x years. What fraction of 
üis sample will remain undecayed after x years? 


l 1 Í 
a. — b. —= c. — d. 2 
2 2 Ja 
b g- 2303 TES ) 
t N 
0.693 2.303 (Ne 
t2 t N 
0.693 2.303 ( No ) 
og| — 
2x x N 
J N 
Le ( No 
5 og 2 = log er 
N 1 
N, 2 


—w 


J2 


Mustearion dse 


Which among the following relations íis correct? 


d. ty. = 3454 
| 
E (=) 
N 


Fraction undecayed = 


3 
a. We know that K = alo og 


Bon mnanaa 


= [A], — [A], = 0.25 — 0.1744 — N 
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ork- 2693 
hy 
. 0.693 _ 2.303 ‘ow 100 N, =100 
hi2 1 875 N =75 | 

0.693 2.303 
“ae = log 1.333 

fina bq 
0.693 2.303 
a x 0.125 

hi2 b314 
or f,,,=2¢ 


3/4 


1/2 


The half-life period of radium is 1600 years. Calculate the 
disintegration of radium. 


|) Given that half-life period (t2) = 1600 years 
We know that K = 2 
ap) 
_ 9.693 
1600 


s. K=4.33 x 104 year! 


A radioactive element has half life of 4.5 x 10° years. If 80 g 
of this was taken, the time taken for it to decay to 40 g will be 


a. 2.25 x 10° years b. 4.50 x 10° years 
c. 6.75 x 10° years d. 8.75 x 10? years 
b. t = 4-5 x 10° years 


Here the amount decay to 50%, i.e. from 80 g to 40 g. 
Therefore time required will be 4.5 x 10° years. 


The half-life period of a radioactive element is 140 days. After 
560 days, 1 g of the element will reduce to 


a. 0.5 g b. 0.25 g c. 1/8 g d. 1/16 g 
oil) ad. T= 560 days, t, = 140 days 
T 560 


A radioactive isotope decays at such a rate that after 96 min, 
only 1/8th of the original amount remains. The value of t, 


this nuclide is 1/2 of 


a. 12 min 


SOLD b. x 


b. 32 min 


2.303 


c. 24 min d. 48 min 


a 
log — 
da= yx 
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0.693 _ 2.303 a 
or = — log — 
hy 96 na 
8 
Second method 
tn _ 03 
tis lop 
87/8 
. tn _ 93 
96 log8 
ty _ 0.3 
96 log? 
= 0.3x 96 = Soin 
2 3x log 2 


80% of the radioactive nuclei present in a sample is found to 
remain undecayed after one day. The percentage of undecayed 
nuclei left after two days will be 


a. 64 b. 20 c. 46 d. 80 
BaD a.x- 227 rog(*0) 
t N 
2.303 100 
= ——— log| —|[t=ld wd 
i og 30 ) [ ay] (i) 
.30 
K= = log (222) [ t=2 day] Gi) 
2.303 100 2.303 100 
£ log | — | = —— log| — 
1 80 2 N 
(2) _ 100 
4 N 


A radioactive substance has a half life of 5 days. After 20 days 
it was found that 3 g of the isotope left in the container. The 
initial weight of the isotope was 

a. 48 g b. 36g 
Sol. a. ty. = 5 days, T = 20 days 
We know T= nt, 


1 n 
n=|—| 
(5) y 


+. Ny= NX (2 =3 x (2)4 = 48 B 


c. 18 g d. 24 g 


The half life of radium (226) is 1620 years. The time taken to 
convert 10 g of radium to 1.25 g is 
b. 1620 years 


d. 4860 years 


a. 810 years 
c. 3240 years 


Sol. d. t, = 1620 years 


Ny = 108 
N=1.25g 
.303 N 
We know K = 2 tage 
t N 
0.693 2.303 10 
= £2 log — 
hj t 1.25 
sA log p 4860 years 
0.693 1.25 
Alternatively 
tn 03 __03 0.3 __03 
ty | 10 log8 3x0.3 
oe 1.25 
Ly = tps 1620 x 3 = 4860 years 


If equal number of atoms of two radioactive elements are 

considered, the most dangerous would be the one with a half 

life of? l 
a. 4.0 million years 
c. 0.01 second 


b. 100 years 
d. 1 second 


Lesser the half life of isotope, less stable will be the 
isotope. 


Ahina 
bee mh 


Radium has atomic weight 226 and half life of 1600 years. The 
number of disintegrations produced per second from one gram is 
a. 4.8 x 101° b. 3.7 x 107° 

c. 9.2 x 10° d. 3.7 x 108 


-əN 
b. Rate (=) = KN (Number of atoms of element 
undergoing decay) 


—ON 0.693 
= x 


"Ot tis 
_ 0.693 l 


1600 x 76 x 6.023 x107 


Mass 


—— > x Avogadro’s number 
Atomic mass 


k a = 3.7 x 107° 
Ot 


Asample of radioactive isotope with a half life of 20 days weighs 
| g. After 40 days the weight of the remaining element is 


a0.5g b00g 025g d 16g 
IN) c. t). = 20 days 
T = 40 days 
. Number of half life = £ = 40 = 


| 


b. 300 year 
d. 200 year 


«1582 year 


S c. We know 
0.693 z W 


-a a 
2 Atomic weight 


y sc x 6.023 x 10” 


3.7% 10= 
7 hi 


`. tn = 1582 year 


s chemist prepares 1.00 g of pure ,C'!. This isotopes has half 
ife of 2] min, decaying by the equation: 

fa ae +e 

é > 
a Whatis the rate of disintegration per second (dps) at start? 
b. What is the activity and specific activity of ,C'! at start? 


c How much of this isotope (,C"’) is left after 24 hr of its 
preparation? 


dN 
a. Applying — w ANo 
0.693 1x6.02x10” 
= x ————_ 
21x60 11 
=3 x 10” dps 
19 
b. Activity = T a curie = 3.7 x 10! dps) 
1x 


= 8.108 x 108 curie | F 
Specific activity = 3 x 10!9 x 10 = 3 x 10” dis (kg s) 


— 8.108 x 10!! curie 


1)" _ 1 4x60 6951] 
i Applying N= N| =] ai 2 


1 64,57 m 
N= 1x(2) =2.29x10” g 


ears. 
A radioactive isotope Cs!?7 has a half life period of id tie 
larting with 1 mg of Cs!37 how much would rem 
0 years? 


“ +137 (t ) 
Half-life period of radioactive isotope CS 1/2 
= 30 year 
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Totaltime=120yearr tt tttiti‘<iststS 


We know T= n x bis = Total time 
or 120 =n x 30 n = Number of half lives 
n=4 


' Amount left after n half-life period (N) = (5) No 
2 


[N, = initial amount of radioactive element] 


[N, = | mg given] 


If in 3160 years, a radioactive substance becomes one-fourth of 
the original amount, find its half-life period. 
“Sol, | Given that = =— 
0 


(1) 


We know that N = (=) No 


or a = (=| ..-( 11) 
No 2 


Equating Eqs. (i) and (ii), we get 
t= (+) 
4 2 


“n=2 
Total time (7) = 7 X tip 
3160=2 tip 


OF tin” La =1580 year 


A radioisotope has /,,, = 3 years. After a given amount decays 
for 12 years, what fraction of the original isotope remaims? 
(Sol) Given half life (¢,,) = 3 year 
Time for decay (7) = 12 years 
We know that T= n >, 
12=nx3 


Let the original amount N, 


Let the amount lett after three half-life periods be N. 


We know that N = (5) No 


N (I (4) | 
or — =|- =| — = — 
No \2 2) 16 
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W 
; l 10 = 3,7 x 10f x — x 6.02 23 


Aradioactive element has half-life period of 30 days. How much or W=10'!5 g 
of it will be left after 90 days? 


| 
Sai) Total time = 90 days id f 
Half life (f) = 30 days The time of decay for the nuclear reaction is given by t = St, i 
We know that The relation between average life 2 and time of decay (t) i oe f 
Total time = 7 X f, given by 
So, 90 =n x 30 a3AIn2 be4rAIn2 c 5Aln2 d. 6) In 2 
on a ami In 2 0.693 In2 
Thus, quantity left after three half-life periods ISON c. Given f= 54, = 5 x x t= an T 
[N, = original amount] ; 
? “t= 5h 1n2 pad) 
K 
SOONG tiie A certain marae xag (half-life = 10 days) decays to give 
The half-life period of ¿,Po°!® is 140 days. In how many days 2-2 ¥"~". If 1.0 g atom of 7X‘ is kept in a sealed vessel, how 
1 g of this isotope is reduced to 0.25 g? much helium will accumulate in 20 days? 
“Sol. Original quantity of the isotope (N,)=1g iS a Decay of one atom of 7x4 to ,_,Y4~* produces one 
Final quantity of the isotope N = 0.25 g helium atom. Hence, decay of 1 g atom of 7X4 will produce 
1 g atom of helium gas. As the half life of X is 10 days, 
ry Lk 2 
We know that, N = (=) No therefore amount decayed in 20 days = i re g atom 
1 Ly 1 g atom of He = 22400 cm? at STP 
So, — = (=) x] 3 3 3 
4 \2 . G8 atom of He = 22400 x = =16800 em’ 
3) -G) 
or;/—]| =/— 
2 2 
orn=2 One mole of A present in a closed vessel undergoes decay as: 
Time taken T= n x t,,.=2 x 140 = 280 days zA” —> , B'S + 2(He’) 
What will be the volume of helium gas collected at STP after 
20 days (t, of A= 10 days)? 
Calculate the average life of a radioactive substance whose SD We know th 
half-life period is 100 years. eee 
USB Given t, = 100 years N= N (+) 
We know that average life = 1.44 x t} . 
= 144x100 where N = remaining mole of A; n = number of halt 
lives. 
= 144 years 
ly 1 , r 20 
The activity of a sample of radioactive element X!" is 6.02 D 1 3 
curie. Its decay constant is 3.7 x 104s !. The initial mass of the Number of decayed moles = 1 - 4 4 


sample will be 
a. l0ģg b.l0%g 610% d.10”g 


Number of moles of helium formed 


= 2» Number of decayed moles of A 
3 
2 


d. We know that 


3 
Activity = K x en eee x 6.023 x 107 “4 
Atomic weight 


Volume of helium at STP = x 22.4 =33.6 L 


Given activity = 6.02 curie or 6.02 x 3.7 x 10!% s~! 


e of X present in a closed vessel undergo i 
one mol goes decay as: 


F? yill be the volume of helium gas collected at SATP and 
W bar pressure, 273 K temperature) after 20 days (1,,. of 


Number of decayed moles = 1— ; = 


Number of moles of helium formed 
= Number of decayed moles of A 


= 
4 
Volume of helium at SATP (1 atm, 298 K) 
= 2 24.4=18.3L 
4 
Volume of helium at STP (1 bar, 273 K) 
- ix 22.7=16.8L 


What mass of Ra226 whose 1, „ = 1620 years will give the activity 


of 1 millicurie? 


BED Activity = 2672 ,. dl x 6.023 x10” 
hy2 


Atomic weight 


La „Æ x 6.023 x 10” 


3.7 x 107 = 
1620 x 365 x 24 x 3600 226 


or W=10°g 


A radioactive substance consists of two disti 
equal number of atoms initially. The mean life 
and that of the other is 54. The decay products | 
stable. A plot is made of total number of radioactive nuc] i 
function of time. Which of the following figures best represents 


the form of this plot? 


net species having 
of one species is À 
n both cases are 
ei asa 
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d. The decrease of radioactive element (parent element) 
follows the exponential functions. 


In a sample of radioactive material, what fraction of the initial 
number of active nuclei will remain undisintegrated after half 
of a half-life of the sample? 


2 bal ga 
4 2/2 A2 


æ 0.693 _ 2.303 (Ne 
p e. 2098 - 2303 og (M) 


4. J-i 


a. 


hy2 t N 
2.303xlog2 _ 2.303 N, 
= ——— logio n] 
hy2 (t212) N 


N, 
log,o(2"?) = logo (=) 


If 75% of a first-order reaction is completed in 32 min, than 
50% of the reaction would complete in? 


a. 24 min b. 16 min 
c. 8 min d. 4 min 
log : 
t Q er É 
“Sol b. Use direct formula +> = eae a 
Too a 
v% log 
“a-y 
100 
log ——— 
tso% = 100-50 _ bsn 
ls% log 100. “he 2 
100-75 
32 
= = 16 min 


1.0 g of a radioactive isotope lett 125 mg after 24 hr. The half- 
life period of the isotope is 
b. 24 hr c. 6 hr 


a. 8 hr a he 


n 


l n l 
Sol, a, N= (5) No => 125 mg = (>) 1000 


E 4125 -(! k l 3 iV" 
‘1000 \2 =(5) -(4) >n=3 
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24 


—=89hr 
3 


Using T= nt)»; tn” 


If the amount of a radioactive substance is increased three times, 
the number of atoms disintegrated per unit time would 

a. Be double b. Be triple 

c. Remain one-third d. Not change 


SGN b. Rate of disintegration « N 


Three-fourth of a radioactive material decays in 2.5 days. How 
long will it take for 15/16th of the material to decay? 


a. 2 days b. 5 days c. 7.5 days d. 10 days 
a a 
log —2 log —° 

t3/4 log —%0 gr log4 2 


“Tse 7b % 2 
=25x2=5 


Which of the following radio-isotopes would you use to date 
an object containing each one of them if the object is expected 
to be about 100 years old? 


a. Pb®’, tp =5.7 x 10!° year 
b. C!*, f p = 5720 year 

c. Ni®, t= 92 year 

d. B’, t „=12.3 year 


(SD) c. Half life of isotope is best to calculate the age of 
object. 


The half life of a radioactive element is 30 min. One-sixteenth 
of the original quantity of element will be left after 
a. | hr b. 16 hr c. 4 hr d. 2 hr 


BJP d. Given Ly. = 30 min or hr 
N ] 


N, 16 


N 2 16 2 


0 


A sample of rock moon contains equal numbers of atoms of 
uranium and lead t,,, for U is 4.5 x 10° years. The age of rock 
would be 

b. 9.0 x 10° years 

d. 2.25 x 10° years 


Ph% | 


2303 
USUND c. 1 = — lee Gi 238 


a. 4.5 x 10° years 
c. 13.5 x 10° years 


9 A 
2.303x4.5x10° g|], 206 
0.693 l 


~. t= 13.5 x 10° years 


The half-life period of U**4 is 2.5 10° year. In how much time 
is the quantity of the isotope reduced to 25% of the original 
amount? 


J Initial amount of this isotope N, = 100 
Final amount of the isotope N = 25 


We know that N = (=) No 


Time taken = T=n x tp =2x2.5x 10° = 5 x 10° vear 


Alternatively 
We can use 42 = 93 
to a 
X7 log = 
a— xy 
fo — 03 
bas y 100 
log 25 
25x10 03 
bhs log 4 
OF 35x, Or time required to reduced amount to 25% 
2.5x 10° 
= ——— x log4 
g3 
2.5x10° 
= — x 0.602 
0.3 
= 5.0 x 10° years 


fl o— 


vad active nuclides P and Q have their decay constant 
ie ratio 3:2. One mole of each is taken separately and 
ad to decay for a time interval of three times of half 


fe 0 A. If 0.2 mol of P is left, what moles of Q will be 


1 
in 


i mean lives of a radioactive substance are 1620 year 
and 405 YOR" EUR a B-emission, respectively. 
pind out the time during which three-fourth of a sample 
will decay if it is decaying both by a-emission and 
on simultaneously. 


h 


-emiss 

a sample of 14CO, was to be mixed with ordinary CO, for 

„biological tracer experiment. In order that 10° cm? of the 

diluted gas at NTP should have 104 dis mint, how many 

ici of radiocarbon-14 are needed to prepare 60 L of the 
diluted gas? 

Sodium-24 (Na?) is a radioactive isotope used to 

diagnose disease of the circulatory system. The path of 

Na-24 is traced by a Geiger counter after the patient drinks 

a tagged NaCl solution. The half life of Na-24 is 15 hr. 

lfapatient drinks a solution containing 0.05 g of radioactive 

Na. how much Na will be active 60.0 hr later? How many 

hours would have passed if there is 3.30 x 10° g of Na-24 

left? 

5, Al mL sample of an aqueous solution containing 2 X 10° 
counts per second of titanium is injected into the blood 
stream of an animal. After complete circulatory mixing, a 
|-mL sample was drawn and is found to have an activity 
of 1.1 x 104 counts per second. Calculate the blood volume 


of the animal. 


"aa 


se 


is 


ANSWERS 


L. 0.09 2,449.24 years 3. 27.03 pCi 
4. (a) K= 0.0462 br? (b) (a — x) = 0.00313 g 

(c) £= 58.84 hr 
5. V= 181.8 cm? 


612 ARTIFICIAL TRANSMUTATION 

with the emission 
us and cannot be 
ible to convert one 
the bombardment 
omic particles 
deutrons, etc. 
o another by 


ia p element decays to new element 
SE ain The process is spontance 
tement; y any known method. Thus, 1t 15 poss 
the eae oni by artificial means, i.e., by 
_ nuclei of the atoms with high-speed sub-at 
èS U.-particles, B-particles, neutrons, protons, 
ati os of conversion of one el 
eans is termed as artificial trans 
| tent artificial transmutation was 
Yaticles at 1919 who bombarded nitrogen 
obtained hydrogen and oxygen. 


ement int 
mutation. 
carried out by 
gas with alpha 


La» 
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wNI4 4 Hef — 5 (QF!) —» 07 +H 
Geo + 0% RER — 40 + 
3 


Fig. 6.6 Artificial transmutation 


Paia i ¿0'7 and ,H! are stable and no further 
obar akes place. The subatomic particles used for 

aves the nuclei are called bombarding particles or 
projectiles. 

The positively charged particles such as a-particles, 
protons, etc., had the limitation that they are repelled by the 
positively charged nuclei of the atoms being bombarded 
(especially with high atomic numbers). On the other hand, 
B-rays were also not so effective because of their small mass. These 
charged particles can be made more effective by accelerating to 
very high speeds by fluctuating electric and magnetic fields in 
machines such as cyclotron, synchrotron, etc. (Fig. 6.7). These 
high-speed particles are more efficient in causing nucleus to 
disintegrate an impact. 

The discovery of neutron by Chadwick, in 1932, added 
another projectile for transmutation. The neutron being 
electrically neutral can penetrate easily into the atomic nucleus. 
Although neutrons are the most effective and versatile of 
projectiles, yet they suffer the objection that they must be 
produced by the transmutation at the time of use. High-speed 
neutrons are obtained when beryllium-9 is bombarded with 


| a.-particles, 


Be t se <> eee oe 
and slow neutrons are obtained by bombarding lithium-7 with 
protons, 

suit Deas spe = a 

In general, for the transmutation of lighter elements, charged 
particles such as alpha particles, protons, and deuterons are used 
while for heavier elements, neutrons are used. 


Dees 


_,+ High-frequency 
voltage 


> 
T 


Spiral path of ions 


_-Emerging ion 


Positive 
ion Negative 
source electrode 


to deflect 
beam 
to target 


i material 


Fig. 6.7 Cyclotron 


» `» » e 

I rinciple of cyclotron: It consists of two h 
plates called dees which o! 
electrodes. The dees are en 
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from a generator, the dees are kept oppositely charged, alternately 
positive and negative. The ion source is located between the dees. 
Under the influence of the magnetic and electric fields, the ions 
move from the source and are accelerated to follow a spiral path 
(Each time the ions reach the gap between the dees, the polarity of 
the dees is reversed. Thus, positively charged particles are pushed 
out of the positive dee and attracted into the negative decs.). At 
the end of their path, the ions encounter a negative electrode that 
deflect them to a target material. 
Some typical transmutations revolving various particles are 
summarized below: 
a. Alpha-particle-induced reactions: 
Be? + He: —— sce + ait 
Since a-particle is used and a neutron is produced, the 
reaction may be termed as (a, n) reaction. In another 
a-bombardment nuclear reaction, the isotope produced is 
itself radioactive. Thus, 
yal? f »He* — ore” a git! 
The isotope ,.P?° undergoes decay by positron (B®) 
emission: 
30 
T > {,Si°! + B® 
This was the first example of radioactivity produced by 
artificial means. 
b. Deuteron-induced reactions: 
: 12 2 13 I 
i. GMH => gn Tah 
ii. sor + H? —> me al aie 
c. Proton-induced reactions: 
: 14 1 15 
i JN“ + H — ,O” +y 
ii. 3L + H! —> sue" + He’ 
d. Neutron-induced reactions: 


Na”? + n! —> Na” +y 


(D, n) reaction 


(D, a) reaction 


(p, y) reaction 


(p, &) reaction 


i (n, y) reaction 
s: 131 1 132 0 © 
li. „Te 7 + on’ —> ,,P'** + _,€ (n, B®) reaction 


iii. N14 + n! —> C! + H! (n, p) reaction 
Some of the isotopes produced as a result of neutron 

bombardment find applications in different areas of radioactivity. 

The preparation of isotopes of elements beyond uranium involves 


many neutron-induced reactions. 


6.13 NUCLEAR REACTION 


A nuclear reaction represents the transformation of one stable 
nucleus into another nucleus by bombarding the former with 
suitable high-energy particles. 

Nuclear reactions are expressed in the same fashion as 
chemical reaction, i.e., reactant on left hand side and product on 
the right hand side of the sign of (=) or (—>). 

For example, a nuclear reaction 

„H4 4 N“ —> s0"" j H 
. is represented as ,N’4 (a, p) ¿O!7, where ,N"4 denotes that it isa 
target, a-practicle is a projectile, proton p) is the particle emitted 
and 30"" is the product. In nuclear reaction, Q is the total energy 
change in the reaction. It is called nuclear energy or Q value of 


the reaction. 


Difference between a chemical reaction and a nuclear reaction 


Some important points in which nuclear reactions differ from 
chemical reactions are given in Table 6.4. 
Table 6.4 Difference between a chemical reaction and a nuclea, 


reaction 


Nuclear reaction 


pea - 


[ Chemical reaction 


a. tn these reactions, only the |a. In these reactions, the nucle; 
electrons of the outermost of the atoms are involved, | 
shells of the atoms are in- | 
volved. 

b. Here some bonds are ib. Nuclear reactions do not | 

| involve any breaking or 


broken and some new 


bonds are formed. 
c. In such reactions, the c. In such reactions, energy is 
always evolved. 


making of bonds. 


energy may be evolved or 
absorbed. | 
d. The energy evolved or d. In some nuclear reactions, 
absorbed is not very high. | the energy evolved is very 
high (may be million times 
greater than those in ordinary 


chemical reactions). 
e. The rate of these reactions e. The rate of these reactions 
are affected by tempera- are not affected by 
ture, pressure, etc. temperature, pressure, etc. 
f. These reactions may be | f. These reactions are 
reversible in some cases. | irreversible. 
g. No new element can be g. Element may be converted 


produced. from one to another. 


6.13.1 TYPES OF NUCLEAR REACTIONS 
a. Projectile capture reactions: The bombarding particle is 
absorbed with or without the emission of y-radiations. 
pU?! + on! > pU + y 
Al? + yn! —> APS +y 
b. Particle-particle reactions: Majority of nuclear reactions 
come under this category. In addition to the product nucleus. 
an elementary particle is also emitted. 
“Nam + iN — pMg”? + ae 
11Na” + ,He4 —» Mg% + H! 
7N'" + gn' —> C't + H! 
c. Spallation reactions: High-speed projectiles with 
energies approximately 40 MeV may chip fragments from 
a heavy nucleus, leaving a smaller nucleus. 
„gcu + „Het + 400 MeV —>» wl? = 14 A eG + 16 o 
0g -} „Het ) pwe +20 iH! + 35 an . 
d. Fission reactions: A reaction in which a heavy nucleus !$ 
broken down into two or more medium heavy fragments. 


The process is usually accompanied with the emission ° 
neutrons and large amount of energy. 


235 l 
oU? + on —> sBa!4l + , Kr? +3 on! +200 MeV 


W Mi paratively heavier nuclei. 
h p+ H Het + on! +17.6 MeV 
ky | n fusion reaction is the source of tremendous amount of 
| FGA 
iia or Induced Radioactivity 


e (daughter of Marie Curie) and her husband F. Joliot 
| “en found that when aluminium, boron, and Magnesium were 
| a ai d with a-particles, the products formed were radioactive 
| “i gisintegrated spontaneously with the emission of positrons 

are positively charged electrons, ,,c°). For example, for 


glue 
ich . b n 
m, the reaction may be represented as 


juminiu m D i 


| Radioactive isotope 
4 lin = 2.55 min 

ao Fa je (positron) 

The phenomenon in which the artificial disintegration of a 


sable nucleus leads to the formation of a radioactive isotope is 
called artificial radioactivity or induced radioactivity. 


he radioactive isotopes formed by the artificial transmutation 
yve usually very short half-life periods; they are rarely found in 
nature. This is because as soon as they are formed, they decay off. 


In some cases, instead of positrons, electrons (B-particles) 
ae emitted by the artificial radioactive isotopes produced. 


A few examples of the bombardment reactions leading to 
ihe formation of radioactive isotope are given below: 


a. Those involving bombardment with a-particles, e.g., 
44 24 -27 1 
Radioactive 
27 27 0 
st —> Al + Le 
Stable Positron 
He! + BU N3 + on! 
Radioactive 
-ND 13 0 
A ae +1 


Stable Positron 


_— 


- Those involving bombardment with protons, e. g., 
iH! + ce NB 
Radioactive 
NB__, pote 
Stable Positron 
Those involving bombardment with deuterons, e.g., 
D? + uNa” —, quae > Ast 
Radioactive 
Nat, Mg + e 
Stable Electron 
' Those involving bombardment with neutrons, e.g., 
uNa’4__, Mg + 9 
Stable 


d 


Electron 


ba 
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3 ion reactions: Light nuclei fuse together to re 7 
i | fusio 8 produce 134127 + it! —> Na% + „Hef 


Radioactive 


It may be pointed out here that the artificially produced 
radioactive elements behave exactly in the same way as the natural 
radioactive elements, i.e., they follow the same disintegration rate 
equation and have constant half-life periods. However, they differ 
only in the fact that whereas natural radioactivity is exhibited 
only by elements with high atomic numbers (>83), the artificial 
radioactivity can be induced even in elements with low atomic 
numbers. 


6.14 SYNTHETIC ELEMENTS 
INCLUDING TRANSURANICS 


Elements with atomic number (Z) greater than 92, i.e., Z > 
92 do not exist naturally on the earth because no isotope of 
these elements is stable. The elements coming after uranium 
(Z = 92) are called transuranium or transuranic elements. As 
nuclear stability decreases with increase in atomic number, hence 
it was thought that it would not be possible to study element with 
Z > 100, as their half life will be too small. However, after the 
discovery of nuclear reaction most of the elements with atomic 
number (Z) > 92 have been synthesized by artificial transmutation, 
hence they are called synthetic elements. For example, elements 
with atomic number (Z) ranges between 104 and 109 have been 
reported recently and are d-block elements. These are called 
transactinides or superheavy elements, as the actinide series is 
complete at element with Z = 103 (lawrencium). 


The nuclear reactions which are employed to synthesize 
some of these elements are given below: 
a. Technetium: 
96 2 97 1 
b. Neptunium and plutonium: 
238 l 239 
gU + gt —> pU +y 


239 pE 239 B 239 
9U —=— 93Np = > o4Pu 


7 er is an o-emitter with half life of 2.4 x 104 years. 


© 


c. Americium and curium 
240 
Pu23? + on! —> gru +y 
241 
Pu2 + n! — PU +y 
4] 
Americium 
242 
Pu??? + „He* —> Cm + on 


Curium 


94 
94 
94 


l 
94 


d. Berkelium and californium: 
243 49 l 

. 245 l 

ggm? + Het — gC” + of 
e. Later elements: 

Bombardment with heavier nuclides produces later elements, 

For example: 
246 12 254 1 


Nobelium 
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gg CE? + B! —> pL +4 gm 
Lawrencium 
Many of the heavier isotopes are short lived. The longest 
lived isotope of fermium, for example, is , ooFm?™* with half-life 
of 3.3 hr. Thus (to mention the most stable isotopes), osAm4! and 
¿Cm?% are available in grams, 97BK249, gg C49, and ggCf?! in 
milligrams, ges (einsteinium) in micrograms andthe elements 
beyond einsteinium only in few atoms. It may be pointed out that 
so far, elements upto atomic numbers 109 have been identified. 


Theoretical calculations on the stability of the nuclei predict 
that elements with an even number of protons in the nucleus 
are usually more stable than their neighbours with odd atomic 
numbers, i.e., they are less likely to decay. Also nuclei with both 
an even number of protons and even number of neutrons are more 
likely to be stable. A nucleus is more stable if number of neutrons 
or protons is 2, 8, 20, 28, 50, 82, 114, 126, 164, and 184. These 
are called magic numbers. The stability is particularly high if 
both the number of protons and neutrons are magic numbers. For 
example, ,,Pb°* is very stable with protons 82 and neutrons 126 
(208 — 82). Thus, on this basis, we accept ,,,Uuq’”®, ,, ,Uug?”’, 
and ,<Ubh3"° to be stable enough to exist. 


6.15 NUCLEAR FISSION 


Nuclear fission is the phenomenon of splitting of a heavy nucleus 
into two lighter nuclei of nearly comparable masses with release 
of a large amount of energy. In 1939, Hahn and Strassmann 
observed that out of the three natural isotopes of uranium, 
Pe aa ys and ,,U?*4, the 997° nucleus undergoes nuclear 
fission when bombarded with slow neutrons. The so isotope 
formed breaks up in several different ways, for example, 


140 93 l 


„U25 4 ait! yy 9 U36 „Xe + 450 + 2on! 
Cor Rb Ya 
During fission, there is always a loss of mass which is 
converted into energy according to Einstein equation E = mc’. 
There is a loss of about 0.223 amu mass during one fission. Thus, 
energy released in one fission is equal to 0.223 x 931, i.e., 208 


MeV. 
Calculation of the energy released 
In fission reaction, the sum of masses of the fragments and the 
neutrons released is less than the sum of one uranium atom and 
one neutron. The mass thus lost is converted into energy according 
to the Einstein equation 

E=mc ...(1) 
where m is the mass lost and c is the velocity of light. 


Mass of 1 amu = = th of the mass of an atom of carbon 


] 12 
TaT 
12 6.023x10 


= 1.6606 x 10°?’ kg 
Velocity of light (c) = 2.9979 x 108 m s”! 


Therefore, substituting values in Eq. (i), if 
E = (1.6606 x 10-27) x (2.9979 x 108)? J 


= 1.4924 x 10°19 J 
1.4929 x10°"° 
Energy in eV = ——————~ eV 
P 1.6022 x107! 


[-- 1 eV = 1.6022 x 10-19 i 
= 931.48 x 10° eV 
= 931.48 MeV [1 MeV = 10° ey] 
Now the energy released when one atom of uranium 
undergoes nuclear fission according to the following reaction can 
be calculated as under: 
„U25 4 an! 
235.060 1.009 
Total = 236.069 u 
Ba a og Kae 2m 
143.881 89.947 21.009 


Loss of mass (m) = 236.069 — 235.846 = 0.223 amu 
Energy released during fission of one U-atom 
= 0.223 x 931.5 MeV = 208 MeV 
As 1 g of U-235 = (6.022 x 10”°)/235 atoms, therefore energy 
released when 1 g of U-235 undergoes fission 
6.022 x 107° 
235 
= 5,33 x 1073 MeV 
Thus, a tremendous amount of energy is released. 


Actual isotopic masses 


— > 


Actual isotopic masses 


= 208 MeV 


6.15.1 CHAIN REACTION 


The fission of ,,U235 by thermal or slow moving neutron is 
represented as 

gu” A pit! as gba + ger +3 gn EA O 

Now, the three secondary neutrons produced in the reaction 
may bring about the fission of three more ,,U>** nuclei and produce 
nine neutrons which in turn can bring about the fission of mine 
99U* nuclei and so on. Thus, a continuous reaction called nuclear 
chain reaction would start and a huge amount of energy will be 
released in a short time. The chain reaction is shown in Fig. 6.8. 


| . $7 
‘exe > 
`e TE ar a D 


Third state: 
4 fissions 


First state: 
| fission 


Second state: 
2 fissions 


Fig. 6.8 Schematic view of the start of a fission chain reaction 


———$_. 
e 


oing 25 should be considered for a self- — ____Nuclear Chemistry 6.33 
0 


propagating 

in reaction: . . ; 
ite ‘tical size: For a chain reaction to continue, the fissionable 
g. aterial (uranium-235) must have a minimum size. If the 
„zeis smaller than this minimum size, the neutrons escape 
a the sample without hitting the nucleus and thus the 


chain reaction stops. 


The minimum mass which the fissionable material must 
pave so that one of the neutrons released in every fission hits 
another nucleus and causes fission so that the chain reaction 
continues at a constant rate 1s called critical mass. If the 
mass is less than the critical mass, it is called sub-critical. 
ifthe mass is more than the critical mass, it is called super- 
critical. In this case, many of the neutrons released in every 
fission are able to hit the other nuclei and thus the number 
of fissions multiply in the chain reaction. The shape and the 
density of packing of the material are also significant for 
the nuclear fission. The critical mass of U-235 is between 
| and-100 kg. 


b. Leakage of neutron from the system: Some of the 


secondary neutrons produced may escape out of the system 
and do not take part in further fission. Leakage can be 
reduced by proper designing of system. 


c. Absorption of neutron by impurities: The secondary 
neutrons may be absorbed by impurities which are not 
fissionable. This loss may be reduced by having a fissionable 
material free from impurities. 


6.15.2 APPLICATION OF NUCLEAR FISSION 


i nuclear fission reaction, a tremendous amount of energy 
5 released. If it is uncontrolled, it can be used for destructive 
mpose, e.g., in the formation of atom bomb. If the chain reaction 
‘controlled, the energy released can be used for constructive 
Papose, e.g., in the nuclear reactor. 


‘tomic Bomb 


“iS based on uncontrolled chain reaction. In the atom bomb a few 
“unds of fissionable material (U235 or Pu2?”) is taken in the form 
i two separate pieces; each piece is in sub-critical stage (surface 
iý is very lar ge, i.e., loss of neutrons is high). One piece is called 
“edge and the other target. At the time of explosion, these pieces 
eo together rapidly by using explosives such as TNT 
“nitto toluene) lying behind each of U??? pieces as to make one 
ii Piece of fissionable material. At this instant, the iisi 
in : ls achieved and a fast chain reaction is set up. This resu if 
“Violent explosion with the release of tremendous amount 0 
“18y. Figure 6.9 shows one of the designs of atomic bomb. 


Subcritical U-235 wedge Subcritical U-235 target 


explosive Gun barrel Bomb casting 


~ 


Fig. 6.9 A simple design of an atomic bomb 


Nuclear Reactor 


A me reactor is an arrangement in which the energy produced 
1n the form of heat) in a nuclear fission can be used in a controlled 


manner to produce steam which can run a turbine and produce 
electricity. 


A nuclear reactor has five main components (a) fuel, 
(b) moderator, (c) control rods, (d) coolant, and (e) shield. 


. The main part of the nuclear reactor called the nuclear core 
is shown in Fig. 6.10. 


Control rods 
Hot water (623 K) 
under pressure 
Heat 
exchange 


Turbine Generator 


H . za - Electric 


: current 
-= Condenser 


Fig. 6.10 Schematic diagram of a nuclear reactor. This one is pressurized 
water reactor, in which the coolant is water under pressure 


a. Nuclear fuels: Nuclear fuels are of two types: 


i. Fissile materials: These on bombardment with slow 
neutrons directly produce a chain reaction leading to 
release of energy. These fissile materials are in use at 
present. These are U?35, Pu?? and U”*?. UY” is obtained 
from natural sources while Pu??? and U**? are obtained 
by artificial transmutation. 


ii. Fertile materials: A fertile material is one which by 
itself is non-fissile in nature, can be converted into a 
fissile material by reaction with neutrons. U>8 and Th? 
are fertile materials. U7>* is converted into Pu>>° by the 
following nuclear reaction: 


238 l 239% =È 239% 
ggQl + gt —> oU (3 min) > BNP 
=P gg Pud? 
. IS ` 
Generally, enriched ),U** say 2-3% is used as nuclear 
fuel. 


b. Moderator: The moderator is used to slow down the 
neutrons so that they are captured 


t th and become effective 
to bring about fission reg 


ction. The most commonly used 
moderators are graphite and heavy water (D,O) 
e 9 $ 

c. Control rod: Boron or cadmium steel 

control rods. These rods 

the rate of fission, e.g., 


rods are used as 
absorb neutrons and thereby control 


10- l : 
sB + gt — Li? + Het 
d. Coolant: Liquid 


alloy of sodium 
as coolant; it take e 
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e. Shield: To prevent the loss of heat and to protect the 

_ operators operating the reactor from the radiation and heat, 

the entire core is enclosed in a heavy steel or concrete dome, 
called the shield. 


A large amount of energy released from fission is utilized in 
generating steam which runs the steam turbine, which produces 
electricity. The atomic reactor when used for production of 
electricity is termed power plant. 


Spallation reactions: This is another category of nuclear 
reaction, which is similar to fission reaction. 


Spallation reactions differ in the fact that they are brought 
about by high energy bombarding particles or photons. Due to 
high energy, a large number of particles are emitted from the 
target nucleus, and the product nucleus has mass number and 
atomic number much less than the target nucleus. For example, 
when U? is bombarded with a-particles having energy equal to 
400 MeV, it releases 6 protons and 13 neutrons, forming Ra?” 
as the product nucleus, i.e., the reaction is 


yo (a, 6p, 13n) aR, 
Breeder reactors 


Natural uranium contains very little (0.72%) of its fissionable 
isotope U*> and needs to be enriched in the latter to be useful as a 
fuel in nuclear reactor. A breeder reactor is one that produces more 
fissionable nuclei than it consumes. For example, when naturally 
more abundant isotope of uranium, ,,U”*® is bombarded with fast 
neutrons, the following nuclear transmutation occurs: 


[238 + n! y29 _=B° Np239 28" Py239 
92 0”: —— 92 SP — => p 


Here, the breeder reactor produces fissile ,,Pu?*’ from non- 
fissile uranium. Similarly, naturally more abundant isotope of 
thorium Th??? can be used to produce a fissible or fissionable 
isotope of uranium ,,U??3. Thus, 


gg Th232 + gn! — „Th? m a 9 Pa233 ee „U23 
In all reactors, heat from the core is extracted by heat 
exchangers and is used to convert water into steam. This is then 
used to drive turboalternators for producing electricity. In breeder 
reactors, an alloy of sodium and potassium is used as coolant. The 
liquid metal gives its heat to water in a heat exchanger. 


6.16 NUCLEAR FUSION 


Nuclear fusion is the phenomenon of fusing two or more lighter 
nuclei to form a single heavy nucleus. Just as the fission of heavy 
nuclei is accompanied by mass losses resulting into the liberation of 
large amounts of energy, the fusion of light nuclei is accompanied 
by mass losses and the evolution of large quantities of energy. For 
example, the formation of helium from hydrogen, deuterium (HY), 
or tritium (H°) is, in principle, also capable of generating immense 
amount of energy. Some such reactions and energy release in each 
process are shown below. 


Energy releaseq 
(kJ mol!) 


2.3 x 109 


idan é~9 
4 Hi—> He" 2p” 0.029 


The process of fusion has an advantage that unlike the process 
of fission large amount of highly radioactive nuclides are not 
obtained as byproduct whose safe disposal poses a great problem, 

The nuclear fusion takes place under the condition of very 
high temperature (>107 K) and pressure. This is necessary as the 
nuclei have enough kinetic energy so that they can come closer to 
each other than the range of nuclear forces, against their mutual 
electrostatic repulsion. For this reason, fusion reactions are referred 
to as thermonuclear reactions. 

In nature, high temperatures of the order of 10° K are 
available only in the sun (which has a temperature of about 
15 x 10° K in its centre). Further, it is found (from spectroscopic 
studies) that sun contains about 73% hydrogen, 26% helium, and 
1% of other elements. It is, therefore, believed that in the sun 
the following fusion processes have been suggested as the chief 
source of sun’s energy: 


1.79 x 10° 
2.6 x 10° 


l l 2 0 0 
H+ H —> H + ge Py 
Deuterium Positron Neutrino 
2 | 3 
H + H — „H + y 


„He + He —> He? + 2H! 
The net effect is the conversion of four protons to give one 


„Hef nucleus with the emission of y-rays, two positrons, and two 
neutrinos. 


4H —> ,He? +2_,e° + 2,v" 
Calculations show that this process is accompanied by the 
evolution of about 26 MeV of energy (which is about 1/10th of 


that liberated in the fission of a U-235 nucleus). It is in fact this 


energy which is available to us from the sun and which keeps the 
sun at extremely high temperature. 


On earth, till date, it has been possible to produce a fusion 
reaction only ifa fission bomb is used to generate the high temperature. 
The principle of hydrogen bomb is explained as follows: 


Hydrogen bomb: A hydrogen bomb has an arrangement of nuclear 
fission in the centre which is surrounded by a mixture of deuterium 
(,H’) and lithium-6 isotope GLi°). 


Deuterium 
+ Lithium-6 


Fission 


Fig. 6.11 Principle of H-bomb 


A 


penucle verting lithium isotope i 
i soto iti 
for conve g pe into tritium (1H?) and 


p Gi “erated is required for the fusion between ‚H? and ‚H? 

i ne th fusion reactions are the accompanied by the liberation 

| su i „mount of energy. Thus, the reactions taking place in a 
fa as pomb may be represented as follows: 

ydos i 


Fission (in the centre) —— Heat + neutrons 


ta ,H? + ,He* + 4.78 MeV 
Tritium 
y+ B „He* + oi! + 17.6 MeV 
peuterium Tritium 
TR. He + gn! + 3.3 MeV 
l 
p+ E — „Het + 21n! + 11 MeV 

l mee 

Tritium has to be prepared within the hydrogen bomb because 
it is not stable. 

Though the energy liberated per fusion is smaller than the 
serey liberated per fission of U-235 (which is about 200 MeV), 
vet the hydrogen bomb is much more powerful than the atom 
romb. The reason lies in the fact that firstly the masses per atom 


deuterium and tritium are much smaller than that of uranium 
nd secondly there are no restrictions of critical mass for fusion 


Li +! 


process to OCCU. 
Important points of difference are given in Table 6.5. 


Table 6.5 Difference between nuclear fission and nuclear fusion 
Se E] 


Nuclear fusion 


Nuclear fission 


a. This process occurs in 
lighter nuclei. 


b. The lighter nuclei fuse 


a. This process occurs 
in heavy nuclei | 


b. The heavy nucleus 


splits into lighter together to form a heavy 
nuclei of comparable nucleus. 
masses 


t This reaction occurs at | c- This reaction occurs at a 


ordinary temperature. very high temperature. 

d The energy liberated d. The energy liberated in one 
in one fission is about fusion is about 24 MeV. 
200 MeV. | | 

e. This can be controlled. e. This cannot be conrolled. 

f. Products of fission f. Products of fusion are 


usually stable and non- 
| radioactive in nature. 


g. There is no limit to the size 
of the fuel for the reaction 


to start. 


are usually unstable 
radioactive in nature. 


&. lt requires minimum | 
sıze of fissionable 
material and if the size | 
of material exceeds the 

| | Cntical size, the 
Teaction becomes 


What do you understand by the following notations in respec 


| °f'the types of artificial transmutations? 
a. (n, BS) b. (p, BO) c(a,n). & (D, p) 


x 


ssion provides heat and neutrons. The neutrons | 
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a. The striking particle is n and the particle in the product 
is B°. 

b. The striking particle is p (proton), the particle produced 
is BO. 

c. The striking particle is a-particle (,He*) and one neutron 
is on the product side. 


d. Deuteron (,H?) is the striking particle and one proton is 
in the product. 


In artificial transmutation which has stronger striking ability 
and why proton or neutron move with the same speed? 


8861 Neutron with its neutral character has stronger striking 
ability in nuclear reactions. Proton with positive charge is 
not so effective to attack the positively charged nucleus. 


246 12 X 254 + i 
239 4 242 1 
b. gP” + He —> gg Mt gn 


Calculate the energy released in the following: 

Bla Pm ett 
(Given masses: H? = 2.014; H? = 3.016; He = 4.003; 
n = 1.009 m,) 


ji Mass on the reactant side 
= 2.014 + 3.016 = 5.030 m, 
Mass on the product side 
= 4.003 + 1.009 = 5.012 
Mass loss = 5.030 — 5.012 = 0.018 m, 
Energy released per atom of helium 
= (0.018 x 931) MeV = 16.76 MeV 


The beta activity of 1 g of carbon made from green wood i 
15.3 counts per minute, If the activity of 1 g of carbon deri a 
from the wood of an Egyptian mummy case is 9.4 count ` 

. S per 


minute under the same conditi 
à itions, how old i 
mummy case? is the wood of the 


(ti for C'4 = 5770 years) 
ESED K = 0.693/1,, = 0.693/5770 
= 1.20 x 104 year! 
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a | “, (Am) Mass defect = 2.388 x 10°? amu 
(2.016490 — 2.014102) amy 
+. Binding energy = 2.388 * 10° x 931.478 MeV 
= log 15.3/9.4 


= 2.2243 MeV 
Hence t = 2.303/1.20 x 10% log 15.3 /9.4 


ILLUSTRATION 6.98 The atomic mass of ,O'° = 15.9949 amu. Calculate the Bp, 


nucleon for this atom. Mass of In and Ip is 2.016490 amu ang 
Calculate the loss in mass during the change: m, = 0.00055 amu. 


Li? + H! —> 2 „Het + 17.25 MeV 


Pe 


log N/N, = Kt/2.303 
1.20 x 104 x 1/2.303 = log N, /N, 


SSH Mass of In + 1p = 2.016490 amu 


Sol. Total energy change during reaction (given) = 17.25 MeV -. Mass of 8n + 8p = 8 % (2.016490) amu 
We know that energy = mass defect x 931 MeV ~ Total mass of O!% atom = m(p + n) + m(electron) 
or E = Am x 931 = 8 x (2.016490) + 0.00055 x g 
E 1725 ~ 16.13632 
z. Mass defect (Am) = ai aa = 0.0185 amu 16 amu 


<. Mass defect = 16.1363 — 15.9949 = 0.1414 amu 
<. Binding energy (BE) = Mass defect x 931.478 MeV 


MLLUSTRATION 6.99, piona 


or Am = 0.185 amu = 3.07 x 10°76 g 


= 131.71 MeV 
The atomic mass of Li, He, and proton are 7.01823 amu, 4.00387 Ti aia 
amu, and 1.00715 amu, respectively. Calculate the energy < BE nacleon=———__ _____———__——— 
evolved in the reaction. Number of nucleons 16 
;Li’ + p'—— 2 „Het + AE = 8.232 MeV 


Given 1 amu = 931 MeV. Se ae eee 


a: ~~, 
sf Pt 


= f i+ j p 5 | a 7 
Sa) Mass PAE VASS OLIA AA Calculate the mass defect and binding energy per nucleon for an 
= 7.01823 + 1.00715 = 8.02538 amu alpha particle whose mass is 4.0028 amu. The mass of protons 


Mass of products = 2 x Mass of He (m,) = 1.0073 and mass of neutron (m,) = 1.0087 amu. 


= 2 x 4.00387 = 8.00774 amu 
<- Mass loss during change = 8.02538 — 8.00774 


E PER 1 
Sol. | An a-particle (,He*) has 2 protons and 2 neutrons. 


= 0.01764 amu `. Mass of 2P + 2N in a-particle 
<. Energy evolved during reaction = 0.01764 x 931 = 2 x 1.0073 + 2 x 1.0087 
= 16.423 MeV = 4.032 amu 


Mass of a-particle (given) = 4.0028 amu 


. Mass defect (Am) = 4.032 — 4.0028 = 0.0292? amu 
Calculate the energy released in joules and MeV in the following waing Finstein equation, E = me = m x 931.47 MeV 
nuclear reaction: . Binding energy = Mass defect x 931.478 
[1 amu mass = 931.4 MeV] 


Assume that the masses of jH?, ,He?, and neutron (n), = 0.0292 x 931.478 
respectively, are 2.0141, 3.0160, and 1.0087 in amu. = 27.1991 MeV 


27.199] 


/H? + H* — Me? + on! 


IBD ^n = [2 7 2.0141] — 3.0160 — 1.0087 = 3.5 x 103 amu 
<. AE = Am 7 931,478 MeV 
= 3.5710 * 7 931.478 = 3.260 MeV 


<. AE = 5.2237 1013 J 
U-235 is decayed by bombardment by neutron as according t0 
the equation: 


Calculate the binding energy for ¡H° atom. The mass of ‚H? atom 
is 2.014102 amu where In and | p have their weights 2.016490 
amu. Neglect mass of electron. 


“. Binding energy per nucleon = 


= 6.7997 MeV 


U235 + yl 98 
9? o0) —_ Mo + saxo" $ ae + yn! 


Calculate the value of x and y and the energy released per 
uranium atom fragmented (neglect the mass of electron). 
Given masses (amu) U-235 = 235.044 


Xe = 135.907, Mo = 97.90, e=5.5 x 10-4, n = 1.0086. 


ISOD Mass of neutron and proton in H? = 2.016490 amu 
Actual mass of ,H? = 2.014102 amu 


Be . . 
| ae nuclear reaction 1s: 
l Mo? + 136 
35 —> (0) Xe 0 
y+ o” 42 54 txe + yon! 


. s 
l is ating the mass of both sides, we get j 


AI OEA DEEE RNE] 


y= 236- 234=2 
similarly equating the atomic number of both sides 
we get 
g t= 42 + 54 +x x(-I)+yx0 
y= 96 -X 
„x=9%6-92=4 
Mass defect of Eq. (i) = Masses of RHS — Masses of LHS 
= 236.0526 — 235.8264 
= 0.2262 amu 


. Energy released = me? 


or £= m x 931.48 MeV 
= 0.2262 x 931.48 = 210.7 MeV 


A positron and an electron collide and annihilated to emit two 
gamma photons of same energy. Calculate the wavelengths 
corresponding to this gamma emission. 


0 0 
Fa a 
The mass of two electrons is converted into energy. 


The energy produced during emission of two photons 
2 


(photons of same energy) 


=2xXm,*C 
=2x 9.108 x 107?! x (3.0 x 108)? = 163.9 x 10°15 J 


Energy produced per photon 


-14 
_1639x10T _ g 195 x10714] 


Using Einstein equation, 


a = wavelength of 


h i 
= a where c = velocity of light, particle 


8 

6.625 x 107 x3.0x10 

‘85x = eae 
95x10 ; 


_ 6.625x 10 x3.0x 108 _ 3425x 102m 
8.195 x107" 
À =2.425 pm 


and „He* are 
the quantity © 


fission to form ; 
0 x 10®ms - 


= isotopic masses of ,H* 
Mu, respectively. Calculate 
when two moles of ¿H? undergo 

e velocity of light in vacuum is 3. 


The fusion reaction is 
iH? + H? —> „H4 + Energy 


Hí 
Mass defect = 2 x Mass of a= Mass 0f 2 
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= 2 x 2.0141 — 4.0026 = 0.0256 amu 
Energy released for fusion of two atoms 

= Amc? 

= 0.0256 x 1.66 x 10-27 x (3.0 x 108) 

=3.8x 10-12) [1 amu= 1.66 x 10? kg] 
Energy released per mol of „Hef 

=3.8 x 10°!2 x 6.023 x 10? 


=2.3x10!2J 


Why do radioactive elements decay? 


Sol.) The stable nuclei are found to have neutron /proton (n/p) 

ratio in the range 1 to 1.5. The nuclei whose n/p ratio lies 

outside this range (i.e., <1 or >1.5) lose a- or B-particles so 
that their n/p ratio shifts into the stability belt. 


How can a nucleus lose electrons (f-particles) even though free 
electrons are not present in it? 


A neutron in the nucleus changes to a proton and electron. 


Balance the following nuclear reactions: 
a. lei’ + git! — > 2 He? +? 
94 2 1 


a. On LHS of the equation 
Sum of atomic numbers = 3 + 0=3 
Sum of mass numbers = 7 + 1 = 8 
On RHS of the equation, 
Let the missing particle be ,X° 
Sum of atomic numbers = Z + 4 
Sum of mass numbers = a + 8 
Sum of atomic numbers of LHS 
= Sum of atomic numbers of RHS 
3=Z+4 
or Z=-1 
Sum of mass numbers of LHS 
= Sum of mass numbers of RHS 
8=at8 
Soa=0 
the missing particle is (X°, i.e., 
e balanced equation is 


ie 
Li’ + 1 
s n 
7 € missing particle be zx? 
On LHS of the equation 
Sum of atomic numbers = 


Sum of mass siete (42+ 1)=43 


(94 + 2) = 96 
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On RHS of the equation, 
Sum of atomic numbers = Z + 0 
Sum of mass numbers = a + 1 


A sample of uranium mineral was found to contain Pb??? and 
U*8 in the ratio of 0.008 : 1. Estimate the age of the mineral 
(half life of U? is 4.51 x 10° years). 


ISO Given tın of UZS = 4.51 x 10° years 
Ratio by mass of Pb?" : U238 = 0.008 : 1 


~. Ratio by moles of Pb?’ ; U238 = ee 0.0092 


206 238 
We know that 
_ 2.303 lox No 
t N 


0.693 2.303, US + pp2% _ 0.693 
nical log k= 
y238 


K 


hy2 t 


0.693 2.303 l iad 
= log | 1 


hy t Us 


Substituting all values, 


0.693 2.303 
SS or (00092 
4.51x10° t g( ) 


p= 2303 x4.51x10° 


log (1.0092 
0.693 op (0022) 


= 0.05945 x 10° years 
= 5.945x 107 years 


Which of the following has magic number of protons and 
neutrons? 


08 
a. Pb 


Sol. a. 208 and 82 both are magic numbers. 


b. ,He? ta, ph? d. PH 


A light nuclide that has n/p ratio 2 and has magic number of 
neutrons but still shows radioactivity 
b. H? D s 


a. Me’ d. He? 


Bo b. For ,H?, p=1,n=3-1=2 
n 


A barn is a unit in nuclear chemistry. One barn is 
a. 104 cm? b.10%cm* c¢.107 cm? d. 10° cm? 


al a. 1 barn = 10°24 cm? 


sP?’ has n/p ratio too low for stability. Its stability cap be 


increased by 
a. Positron emission 
c. Alpha-decay 


Sol. a. Positron emission increases the number of neutron, 


b. Beta-decay 
d. Electron capture 


Efficiency of nuclear fusion as compared to nuclear fission jg 
b. Less 
d. None is correct 


a. More 

c. Same 

d a. In nuclear fusion more energy is released with per gram 
of fuel. 


What is enriched uranium? 


b. U-235 
d. U-235 + U-238 


a. U-238 
c. U-235 + Radium 


Š BS sas Bele ey ir, Set) S Le Stew as aa 


In a hydrogen bomb, hydrogen is converted into 
b. Urantun-235 
d. Helium 


a. Barium 
c. Uranium-238 


q aN 
steady ee 
un NU et pia Tabs Aan open Te 


Which one of the following nuclear transformation is (mp) type? 
a. Li’ + H! —> ,Be’ + yn! 
209 2 2 
Co gg Bi + H —> PO + t 
45 ; 


Sol, d. In reaction 
45 l ; 
2)8e" + pn! —> „Cat + iH! 
Neutron is attacking while proton is produced along with 
the product. 


Insert the missing figure in the following ,.Mn*5 (n, y) —> 
56 56 


ha 5 


Write the equations for the following transformations. 
a. M S (p, d) b. 3N" (n, p) 
c. Na? (a, p) d. ,Be? (a, n) 


Vv 


we l +» K 38 2 
j. ok + iH 19 + ıH 
1 y 14 4. 1 


Tad > 26 
č Na” + „He 2M8 + H! 


9 4 12 ] 


hich one of the following is an artificial fuel for nuclear 


actor? 239 
a U b. Pu“ Eum d. Th222 


sodium is used in nuclear reactor. What is its function? 


Liquid 


Sol Liquid sodium acts as heat exchanger. 


Which of the following notations shows the product incorrectly? 
a. cur? (a, 21) 9,Bk*?_ b. <B'° (a, n) NB 


c N! (n, p) ¿C d. ,,Si?8 (d, n) 1P? 


Sol a. Equation is not balanced in term of atomic mass number 


as well as atomic number. 


Representation of following nuclear reactions are as shown 
below: 
14, n : 17 
-N +,04—> Fie + p : ee (a, P)gO } 
27 ; 301 
Al + 00" > gers > LA” (a, n) 5P S 
Write the missing particles in representation given below. 
pA’, 017 (--; N”, F ag Also write the corresponding 
nuclear reaction. 
So The given reaction is 
114 17 i 
7N™ +04 — ,0!7 + P; {,N'4 (a, p) ¿0'3 (i) 
] 14 .. 
or 0174 P! ; "N" J so (077 (p, a) 7N'7} (11) 


a 27 4 30 l: 27 30 


(Hil) 


On adding Eqs. (ii) and (iii), we get 

AP? + ¿07 + p! — PP aes 4 aN + aft 
and it can be represented as 

AP’, .0!7 (p, n) es NM 


So, Missing particles in representation are p and n. 
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CONCEPT APPLICATION EXERCISE 6.4 


1. How does artificial transmutation differ from artificial 
radioactivity? 

2. What kind of elementary particles are used in artificial 

transmutation of elements? 


3. In a neutron-induced fission reaction of U7, one of 
the products is „Kr. In this mode another nuclide and 
three neutrons are also produced. Identify the other nuclide? 


4. What disadvantages do protons and a-particles have as 
nuclear projectiles? 
5. What advantages do protons have over a-particles as 
nuclear projectiles? 
6. Why are neutrons superior to protons and a 
nuclear projectiles? 
7. Which isotope of uranium is used in nuclear reactor? 
p 
8. Name the following processes: 
27 4 30 l 30 4 o0 
a, Ale! # He pk yt 149! f g 
10 4 13 l 13 
b. B”? + ,He* —> ;N ? + of —> ,C E. 
c. B! + „Het —> ,C + ie 
9. Complete the following nuclear reactions: 
p 8 
23 23 I 
a. Na + see —_ Mg T o” 
27 27 I 
i ahin Fa —— Mg t H 
d. N4 +... — 0" + ,H' 
e. N!4 +... — C"! +,H* 
27 30 l 
E Ss e to? 
37 8 l 
g. 71 T eee —_ ight + o” 
h. Be? + Het — C° +... 
: 235 l 141 92 
: 27 4 30 
J Al t „He —> igor? a jee 
kor iH? — P: ae are 


239 239 
Lk gu” gh” Ts: 


-particles as 


10. Complete the following nuclear reactions: 
a. .N'4 (a, ...) gO” 
b AP? (a,n) >an 
| c. yMo”® La.) ae 
d. ... (Q, 2n) gaen 
| e. ><Mn® (m, Y ) | 
“11. Write equations for the following transformations: | 
a. N 4 (n, p) b. gk (p,a) 
e. K-electron capture d. B®-decay by Naz 


12. A radioactive element absorbs neutron and conse 


et „140, 93 quentl 
splits into ,,Ba and ,,kr~ . Determine the dines eh 


neutrons emitted with the help of nuclear reaction 


13. ct" was emmitted along with a neutron when a 
. . a m n 
unknown radioactive substance was bombarded pee 
as projectile. Predict the unknown radioactive substance 


a), 
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14. Write nuclear equations for the following tranformations: 


a. ¿;At?!8 undergoes a-decay 
b. 4 Th 773 undergoes P-decay. 
15. Complete the nuclear reaction ,Li’ (a, -..) La. 
16. In aneutron-induced fission reaction of ,,U*?°, one of the 
products is 4 Rb”. In this mode, another nuclide and three 
neutrons are also produced. Identify the other nuclide. 
17. What is the main difference between a natural radioactive 
element and an artificially produced radioactive element? 
18. The particles more eminent for nuclear fission are 


a. fast neutrons b. Slow neutrons 


c. Fast protons d. Slow protons 


ANSWERS | 


3. Ba! 7. U-235 


8. a. Induced radioactivity b. Induced radioactivity 
c. Artificial transmutation 


9. a. Hib. Dcn! d. Het e. H f. He* g. |H? 
h. ọn! i. 3 n! j. H! k. „Het 1. _,e° (B-particle) 
10. ap ba Phe Hr a Be M 
12. 3 neutrons 3.0 B. eHe 
1G. aO 18. a. 


6.17 APPLICATIONS OF 
RADIOACTIVITY AND 
RADIOISOTOPES 


Radioisotopes find numerous uses in different areas such as 
medicine, chemistry, biology, archeology, agriculture industry, and 
engineering. Some of the important applications of radioisotopes 
are as follows: 

a. Discovery of elements: When the phenomenon of 
radioactivity was discovered, only a few elements such 
as uranium, polonium, radium, etc., were found to be 
radioactive. However, the phenomenon of artificial 
transmutation led to the discovery of a large number of 
new elements which are also radioactive. The transuranium 
elements (elements with atomic number 93—105) were first 
prepared by such transmutation experiments. 

b. Discovery of isotopes and isobars: The emission of 
a- and ß-particles from the natural radioactive elements 
led to the discovery of isotopes and isobars (as already 
discussed). It was soon found that the existence of isotopes 
and isobars, though discovered first in the natural radioactive 
elements, was not confined to these elements. In fact, at 
present almost all elements have been found to be isotopic. 
This has also given the justification for fractional atomic 
weights. 

c. Activation analysis: The adsorption of neutron by any 
nucleus produces an activated or energy-rich species that 
decays by a process characteristic of the nucleus involved. 
The various isotopes of elements differ considerably in 


of nuclei with neutrons to saturation limit, it is possible to 
selectively activate certain elements, detect their Presence 
and measure their concentration by measuring the intensig, 
of the induced radioactivity. The sensitivity of the neutro 

activation analysis depends on the neutron flux available fr 
irradiation, the availability of nucleus to absorb a neutron 
and the energy of the decay process. This method js os 
useful for the determination of elements Present in trace 
quantities. For example, it is possible to detect as little is 
104g of copper or tungsten by activation analysis, 


_ Tracers: By incorporating a small amount of radioisotope in 


a reaction system, one can trace the course of the reaction, 
Such a sample of radioisotope is called tracer. Since all 
the isotopes of an element are chemically equivalent, the 
monitored path of the isotope will indicate the path of the 
reaction. For example, consider the problem of determining 
the course of esterification such as: 

O O 


/ 3 VA 
CHCC y + CHOH — CHC a, +0 


Does the starred oxygen come from alcohol or from the 

acid? By labelling the oxygen atom of methanol with 

O!8 and then using it in the esterification, it can be proved 

that the starred oxygen come from the alcohol and not from 

the acid as the ester is found enriched with !8O isotope. Many 
other mechanistic applications have been reported. The use 
of '4C as a radioactive tracer using labelled compounds is 
well known. The dynamic nature of chemical equilibria has 
been established by the use of labelled compounds. 

For example, in studying the mechanisms and rate of certain 
reactions such as, the transformation of N-chloroacetanilide 
into p-chloroacetanilide takes place in the presence of 
hydrochloric acid as follows: 


CI—N—COCH, H—N— COCH; 


o HCI, 
Cl 


To know whether the mechanism of the reaction involves 
Cl of HCI or not, hydrochloric acid containing radioactive 
chlorine (represented by HCI*) is used. The two probable 
mechanisms are: 


Cl-—N--COCH; H—N—COCH; 


Q Hcl, + HC} 


Cl 


In which involves only intermolecular rearrangement and 
Cl of HCI* is not involved. 


CI—N— COCH, H—N—COCH; 


ii. Q HCI". + HCl 


£ 


eo 
Pa a which Cl opta. HCI* is involved. Nuclear Chemistry 6.41 
ctual experiment, the p-chloroacetanilide formed is found Ph? 
n% „djoactive. hence reaction 5 = 2.303 log} 1 + 
obe fa io o proceeds by mechanism p28 
ji ot 1). 
(ii) and 0 H ae a The value of ¢ can be calculated by putting the value of À 
compoun C 1g a ra loactive element (e.g. which is equal to 0.693/t 8 ue o 
acl* in the above cases) is said to be labelled or tagged The al 
reactions of the iti type involving exchange of an atom So, f= 2A log Pe a 
py its radioactivity isotope are called exchange reactions 0.693 [238 
The rate of such reactions can be determined by measuring Here / corresponds to the age of earth which has been found 
the radioactivity of the product formed at different intervals to be 4.5 billion years. | 
time. Similarly, the fact that the photosynthesis i adi , , l 
ofti ee ened ase) à y y 1esis involves f. Radiocarbon dating: Radiocarbon (,C!*) dating of 
co, nas g labelled *CO, containin historical wooden-deri ‘ante 18 bas 
2 rope —the glucose oinin a g wooden-derived objects is based on the knowledge 
c-14 isotop g ed is found to be radioactive. that the cosmic ray intensity (responsible for C!4 production) 
Sunlight . has been practically constant for thous ds of gti 
+6C0, + 6H O *CH..0.+6 y ant for thousands of years. © 1$ 
2 2 Chlorophyll 6H 20, + 60, formed in the upper atmosphere by the action of cosmic 


radiation on N', 


e Age of minerals and rocks: The determination of age of 
N" +,n!—> C T H! 


minerals and rocks is an important part of geological studies. 


This may involve the determination of either a species The C!4 so produced is eventually converted into carbon 
formed during a radioactive decay or ofthe residual activity dioxide, which in turn is incorporated into plants and trees 
ofan isotope which is undergoing decay. by the process of photosynthesis and then finds way into 


animals which eat plants. Because of the natural plant- 
animal cycle, an equilibrium is set up and all living matter 
contains the same small proportion of C!4 as it occurs in 
the atmosphere. Once the plant or animal dies, the uptake 
of carbon dioxide by it ceases and the level of C'* in the 
dead begins to fall due to the decay which C'* undergoes. 


The former may be illustrated by helium dating. Helium 
present in uranium mineral has almost certainly been formed 
from a-particles. A gram of uranium in equilibrium with its 
decay produces approximately 107g of helium per year. So 
ifthe helium and uranium contents of a mineral are known, 
the age of the mineral can be estimated. The latter can be 


typified by considering a rock containing ,,U*** which has a ci— P le 

halflife of 4.5 x 109 years. We have seen that in the uranium The half-life (t,,,) period of C!# is 5770 years. A comparison 

decay series, gae after a series of decay gives the stable of the B°-activity of the dead matter with that of the carbon 

isotope Pb” as the end product. Assuming that initially still in circulation enables measurement of the period of 

the rock did not contain any lead, we can determine the age isolation of the material from the living cycle. The method, 

of the rock by measuring the ratio of a~ and ger’ and however, ceases to be accurate over periods longer than 
two or three half-life periods of C!4. The proportion of C'* 


using the equation, 


N, = Ne~” 
where N, and N, are the amounts of uranium present initially g. 
vely, and K 1s 


(t= 0) and after the lapse of time t, respecti i 

the decay constant. Suppose; the molar ratio of uranium and 
lead is 1:1, it means half of the uranium originally present 
has undergone decay, finally giving the lead isotope. The age 


of the rock in that case will be equal to the half-life period 
f the rocks contain 


to C!2 in living matter is 1 : 10”. 

In medicine-radiotherapy: One of the first applications 
of radioactivity was based upon the fact that the radiation 
(y-rays) emitted by the radioactive substance (,,Co°) 
destroyed the cells. Hence, it was used in the treatment of 
cancer in which the malignant cells are wiped out. Similarly, 
the use of radium in the treatment of cancer is well known. 
In another applications, male insects have been irradiated 


of 38 (3 9 ost O : 
al (Le., 4.5 x 10° years). M “indicating that the to destroy their reproductive cells. For instance, millions of 
ead/uranium ratio much less than unity 238 sterilized flies were released near cattle farms wh 
age of rocks may be less than the half-life pero oe mated with female flies who tl ara 
. nee us ane d n 7 es w 10 then produced no offspring. 
r ° a S € S bi ae P : 
i example: Let a s ample of ur a ti ret the n this way, the | ies which do great damage to live-stock 
or U-238 and Pb-206 contents. From thi rales 306 were eliminated in several areas. Similarly, the isotope 131 
quantities in mole be N=U238 mole, NU m is used in the treatment of goitre, i.e., thyroid daor 
ihoraidia ; O9 e 
mole. Applying disintegration equation, (hyperthyroidism) and radiophosphorus ( p32) į a 
the treatment of le i ep asussa ini 
, ` g of leukaemia. 
t= 2.303 log (=) y% : Thisi i 
i ! is isotope is ; 
N ae pe is used in the treatment of joint 
538 pp20 effusion and arthritis. 
= 2.303 log sae | Fe’ : Used in the detecti 
| y?’ ion of anaemia. 


P 
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Co: Used in cancerous tumor detection and treatment. 
Na24: Used to locate blood clots and circulatory disorder. 
As74: Used in the detection of presence of tumors. 


h. In agriculture: The uses of radioactive phosphorus P?? 
in fertilizers has revealed how phosphorus is absorbed 
by plants. This study has led to an improvement in the 
preparation of fertilizers. C!4 is used to study the kinetics 
of photosynthesis. 


O'8 : Used in the study of mechanism of photosynthesis. 


i. In industry: Radioisotopes are used in industry to detect 
the leakage in underground oil pipelines, gas pipelines, 
and water pipes. Radioactive isotopes are used to measure 
the thickness of materials, to test the wear and tear inside 
a car engine, and the effectiveness of various lubricants. 
Radioactive carbon has been used as a tracer in studying 
mechanisms involved in many reactions of industrial 
importance such as alkylation, polymerization, catalytic 
synthesis, etc. 


Does hydrogen bomb involve only nuclear fusion? Why or 
why not? 


| Sol. | Hydrogen bomb involves nuclear fission also in the centre. 
This is because fusion can take place only at very high 
temperatures. 


What is the role of heavy water in a nuclear reactor? 


Sol. It acts both as a moderator and a coolant. 


How is plutonium obtained? 


l 238 239 s E 239 
BID ,n + gU > 9 9U =p 93Np =p o4Pu 


What is the source of radioactive CO, in the atmosphere? 


‘Sol. 7N'4 is hit by cosmic ray neutrons to produce ,C!4 which 
is radioactive and is oxidized to produce radioactive CO.. 


How can the circulation of blood be tested by using radioisotope? 


| Sol.” By injecting a saline solution containing a little radioactive 


Na-24 isotope and then detecting its presence in different 
parts using a Geiger—Muller counter. 


Why a huge amount of energy is released in nuclear fission or 
nuclear fusion solution? 


I. This is because ofa large mass defect, i.e., E = Amc?, whei 
Am = mass defect and c = velocity of light. 


An old piece of wood has 25.6% as much C!4 as ordinary wood 
today has. Find the age of the wood. Half-life period of C14 is 
5760 years. 


Jl. | Suppose the amount of C4 present in the wood originally 
(i.e., the same which the wood today has) = a. 
Then the amount of C!4 present now in thé old wood 
(a—x) = 220 a = 0.256a 
100 
The time ź in which C'4 changed from a to 0.256a will then 
- be given by 
2.303 a 
t= —— log 
K 0.256a 
0.693 _ 0.693 
ty. 5760 
= 2.303 lo l 
1.203x10 
= ]1329 years 


But K = = 1.203 x10% year! 


ILLUSTRATION 6. 
ILLUSTRATION 6.132 


The ,C'4 and ,C! ratio in a piece of woods is 1/16 part that of 
atmosphere. Calculate the age of wood. t, of C!4 is 5577 year. 


— 1 Noca 
16 Noc,, 


=—_ N 

Tae ~. Ç 

| Šol. | Given, rr i 
Ci2 


Since, only C!4 undergoes decay. 
~ Now =N, 


OC12 

or Nocia = 

No, 1 
paa 1 2208 45577 lone" 


o = 
a 8- 0.693 


t = 5577 x 4 = 22308 year 


The half-life period of C!4 is 5760 year. A piece of wood when 
buried in the earth had 1% C!4. Now as charcoal it has only 
0.25% C!4. How long has the piece of wood been buried? 


© ty) of C!4 = 5760 year 


r= 0.693 fear! 
5760 
Noc’ =1% 
No1 = 0.25% 
E 2.303 fee No 
À <- N 


| _ 2.303% 5760 ),,_ 1 _ 2303x 5760 
| ~ 0.693 0.25 0603 082" 
211520 year 


„oden artifact sample gave activity 32 B-particles per second 

jilethe freshly cut wood gave activity of 64 -particles per second 
: Geiger Muller counter. Calculate the age of the wooden artifact 
| 


| of Cl4= 5760 years) 
j a, 11520 years 
c, 2880 years 


0.693 _ 2303 14, No ) 
N 


AW 


b. 5760 years 
d. 1440 years 


hy2 Tage 
0.693 2.303 (=) 
ur = —— log} — 
5760 base 32 


he 5760 years 


The amount of ¿C 14 isotope in a piece of wood is found to be 
one-fifth of that present in a fresh piece of wood. Calculate the 
ae of wood (Half life of C'* = 5577 years). 
2.303 x ty lo No 


‘Sol We know that t = 
0.693 N 
Given N= No 
5 
Sor= 2.303 x 5577 PR 
0.693 


j= masi <0.6989 = 12953 years 


ratio 0.6 times that 


Apiece of wood was found to have c/c” 
he plant died. (Half 


ma living plant. Calculate the period when t 
life of C14 = 5760 years.). 


2.303 x by/2 log No 


So We know that t = 
— 0.693 N 
TER 2.303 x 5760 lo i 
0.693 0.6 
2.303 x 5760 < 0.2201] 
0.693 
=4213 years 


oactive isotopes is used for the 


Which of the following radi 
diagnosis of hyperthyroidism? 


d. clí 


c. 1?! 


a. Co? b. P?? 


SD «. 


- A sample of rock from moon contains equal number of 


. Name the process represented below: 


. Atoms „A, B, a 


Nuclear Chemistry 6.43 


G 
ONGEPT APPLICATION EXERCISE 6.5 


L. 


A sample of '4CO, was to be mixed with ordinary CO 
for a biological tracer experiment. In order that 10 tal 
(STP) of the diluted gas should have 104 dpm, how many 
microcuries of radioactive carbon are needed to prepare 60 L 
of the diluted gas? | 


atoms of uranium and lead (t,,, for U = 4.5 x 10° years). 
What is the age of the rocks? 


a. ,,As?> + H?—> ,.Mn° + 9 H! + 12 on! 

b. «BY + „Het —> aN? + Ps —> P Fyr 

c. B!’ + „Het —> ¿C? + Pat 

d. pA + Het —> P” + ga! —> Si” * 16! 
Calculate the group of elements formed in the final stage 
of radioactive changes given below: 


= 
235 ———> 231 


III group 


-P 
b. PW — gar 


III group 
-0A 
ee 227 
91X g9AC 


III group 
-a 
231 227 
d. Th! > ggRa 


III group 
nd K are such that ¿B is an isobar of 


„ A and atom gC 17 is isotone to ,B. Calculate the mass 


number for A and B. 

Which one(s) of the following processes — alpha emission, 
beta emission, positron emission, electron capture — cause 
ease in atomic number, (b) a decrease in atomic 


(a) incr 
X-ray in every case? 


number (c) emission of an 
Classify each one of the following nuclides as “probably 
stable,” “beta emitter,” or “position emitter”: 

195 208 Bs 1504730 120 

94 

Kr 14 114 
Of the three isobars aed , gglt!4 and ,)Sn'!*, which 
is likely to be radioactive. Explain? 
Speculate on the existence of a world composed of negative 
antioprotons and positrons (along with an array of other 
antiparticles) and neutrons. Would the chemistry in such 
a world have formulas similar to those of compounds. 
on earth? What would happen if material from earth. 
encountered oe trom the “antiworld” ? 


8C ; At time ¢= 0, initial mole of 4 is 1. 


3D 
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Overall half life of the reaction is 15 days. Then calculate the 
number of mole of C after 45 days if the ratio of k, : k, : k, 
is4:2:1 


10. In the given radioactive disintegration series 
235 2 
gU —> gPb 
Calculate difference between number of a and number of 
B particles emitted in this series. 


11. A, B and C are isodiaphers while C .D and E are isobars. 
Calculate the difference of proton between A and E 


gp A206 —_» B Ca Da» F 


Given: Isodiaphers and isobars are formed in successive a 
and B-emission respectively. 


12. In the given radioactive disintegration series. 
232 2 
oo th 3S goPb 08 
Calculate value of (n + 2) 
Where value of 7 is number of isobars formed in this serie, 
suppose there is successive emission of B-particles. 


13. The average life of a radioactive element is 7.2 min. 
Calculate the time interval (in min.) between the stages of 
33.33% and 66.66% decay 


ANSWERS. 


| 2. 4.45 x 10° years 


| 1. 27.0 mCi 


ii- 


Solved Examples 


How many a- and ß-particles are emitted when an atom of 
o9 Lh”? undergoes disintegration to produce an atom of .,Pb?"8? 


EEB Th? —> pP + x,He* + y e? 
Remembering that the total atomic number as well as mass 
number must be equal to the two sides of the equation, we 


have 
208 + 4x + Oy = 232 
i.e., 4x=24 Ai) 
and 82 + 2x — y = 90 
or 2x-y=8 .. (ii) 


Solving Eqs. (i) and (ii), we get x = 6 and y = 4. 


The actual atomic mass of ,,Ca*” is 39.96259 amu. Find the 
binding energy for this nuclide, using 1.008665 amu for the mass 
of a neutron and 1.007825 amu for the mass of atomic hydrogen. 
Also calculate the binding energy per nucleon. 


‘Sok. Mass of ,,Ca*? atom 
= Mass of 20 atoms of hydrogen + Mass of 20 neutrons 


= 20 x 1.007825 + 20 x 1.008665 = 40.32980 amu 


Actual mass of ,,Ca*? atom = 39.96259 amu (given) 
' Mass defect (AM) = 40.32980 — 39.96259 
= 0.36721 amu 
For a mass defect of 0.36721 amu, energy released 
= 931.5 x 0.36721 MeV = 342.06 MeV 


14 g of a radioactive substance decays to 7 g in 20 min. Wij 
the time required be more or less for the following processes: 


i. 20 g decreases by 8 g 
ii. 20 g decreases to 8 g. Explain. 


“Sol. Since 14 g decays to 7 g in 20 min, this means that half. 
life period (t,,») = 20 min. 

In case (i), 20 g decreases by 8 g. This means that less than 
half of the substance decays. Hence, time taken will be lesg 
than 20 min. 
In case (ii), 20 g decreases to 8 g. This means 12 g of the 
substance decays which is more than half of the original 
substance. Hence, the time taken will be more than 20 min. 
The exact calculation of times in the two cases can be done 


as follows: 
From the first data 
_ 9.693 _ 9.693 _ 9 93465 min” 

hy2 

In case (i) 

ma 2.303 log a 2.303 ibe 20 -14.74 min 
K a-x 0.03465 20-8 

In case (ii) 

_ 2.303 lo a 2.303 | 20 _ 56 45 min 
a-x 


(0) 
0.03465 È 8 


The final product of U38 is Pn i eee an pitchblende 
contains 0.0453 g of Pb7°° for every gram of U?’ present in 
it. Supposing that the mineral pitchblende formed at the time 


of formation of the earth did not contain any Pb2°, calculate 
the age of the earth (half-life period of U738 = 4.5 x 10° years). 


“Sol. ) Amount of U?! now present, ie.,a—x=1 g 

Amount of U??8 originally present 
= Amount of U?8 now present + Amount of U?! changed 
into 0.0453 g of Pb2% 


238 
= 1g +È x 0.0453 g = 1.05234 g 
e T 206 S 248 


If ¢ is the time in which 1.05234 of U?’ changed into 1 g 
of UPS, then 


But 
_ 0.693 _ 0.693 


7 ~ 45x10 = 1.54 x 10720 year! 
1/2 IX 


/ 
K 


| 
| 


N 


M of wood has 25.6% as much C!4 as ordinary wood 
| pE find the age of the wood. Half-life period of C!4 is 
eye | 

en yr 


suppose the amount of C!4 present in the wood originally 
ld e, the same which the wood today has) = a. 


the amount of C! present in the wood originally (i.e., 


Then 
o same which the wood today has) = a. Then the amount 


fC" present now in the old wood 


25.6 = 0,256a 
= T00 l 
rhe time t in which C!4 changed from a to 0.256a will then 


be given by 
2.303 a 


> 0.256a 


0.693 0.693 
Biik cen, 


= 1.203 x 104 year 
in 5760 = 


2.303 log =a 11329 years 


ee 
1.203x10~ 


0.256 


The half-life of cobalt-60 is 5.26 years. Calculate the percentage 
activity remaining after 4 years. 


So fın = 5.26 years 


0693 
= year 
and t= 4 years 
The aim is to find “—~ x 100 
2.303 a 
On applying the relationship K= —— log a-Xx 


We get 
0693 2303, 4 
7 4 uraa 


a 


or log = 0.2288 


a-x 
or = Antilog 0.2288 = 1.693 
~K 
4-x _ ] 
a 1.693 
`. % age activity = 0.59 * 100 = 59% 


or = 0.59 


The ates nite 5 curie. Calculate 
| “activity of 1 g of radium 1s found to be 0 suired for the 
c mass 


“half-life period of radium and the time m (atomi 
‘cay of 2 g of radium to give 0.25 £ pis 


Of ra: 
'adium = 226). 


226 = 
i Number of atoms in 1 g of Ra 


A 


=y 705 curie = 0.5 x 3.7 x 10!° dps 


= 1.85 x 10!9 dps 
dN 6.02 x10” 
Bit <> = . 10 — aes 
= KN, i.e., 1.85 x 10 Kx 726 
or K= 06.945 x 10!? s~! 
0.693 0.693 


lin = =——————7 
PK 6945x10" 
~ 9.978 x 10!°s 


9.97810" 
3600 x 24 x 365 


Time required for decay of 2 g of Ra to 0.25 g = three half- 
lives = 3 x 3164 = 9492 years 


years = 3164 years 


It is found that 3.125 x 10% g atoms of Rn exist in equilibrium 
with 1 g of radium at 0°C and 1 atm pressure. The disintegration 
constant of Ra is 1.48 x 107!! s!. Calculate the disintegration 
constant of Rn. 


"Soi. > Number of g atoms of Ra2*6 in 1 g of Ra” 
= 1/226 = 4.425 x 10° 
At equilibrium K,N, = Kpg 
~ Kra” Nea Kra * Nea 
Ren = Nia 
Kga Nen 


or 


Nr 
Ko” Ne, x Kea 


_ 4.425 ~107 
3,125<10° 
= 2.095 x 10% s7! 


x 1.48x107!! s7! 


pn mass of C!* with ¢,,. = 5730 years has activity equal to 
BSOD | curie = 3.7 x 10!° dps 
i.e., rate = 3.7 x 10! dps 
Now Rate = K x Number of atoms 
3.7 x 100 = ee) ae 
5730x365x 24x60x60 * Number of atoms 
Number of atoms = 9.65 x 10?! 


Now 6.023 x 103 atoms of CH = l4g 


9.65 x 10?! of C4 = l4 XxX 9.65 x 102! 
Uputa aen 
6.023x102 ~ 0.2243 g 


Te 3 rate of f 3 
Pee 18 4750 dpm Ms re Ta 
alculate the half SOMES 
p 
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“Sol. ry =4750 dpm = at f= 0 
r; = 2700 dpm at f= 5 min 
h 4750 
r 2700 
Also rate number œ number of atoms 
Tm _ No _ 4750 
N, 2700 
2.303 
K N, 
oe 2.303 it 4750 : j 
> K £500 or K = 0.113 min 
0.693 
le = 6.13 min 
- 0.113 


A radioisotope „A™ (t, = 10 days) decays to give 7 _Bm \’ stable 


atom along with a-particles. If m g of A are taken and kept in a 
sealed tube. how much He will accumulate in 20 days at STP> 


EED ^, B" +3 Het 
Given weight of A=m g 
Moles of A (No) = 1 g mol 
Also ¢ = 20 days: t, = 10 days 
n=2 (t=tp*n) 


1 ] 
-, Amount left in 2 halves = on mol = 4 mol 
-_ Amount decayed in 2 halves = 1- 7 = mol 


- Amount of He formed = 3 x ` mol -2 mol 


(decay of 1 mol gives 3 mol of He) 


+ Volume of He STP = ma = 50.4L 


At radioactive equilibrium, the ratio between two atoms of 


radioactive elements A and B is 3.1 * 10°: 1. If the half-life 
period of A is 2 ” 10" years, what is the half life of B? 


Sol. At radioactive equilibrium A —> B 
N, _ Ke _ Ms 


Ng Ka h 
3.1x10° 2x10" 
r i — and fy 4, ~ 6.45 years 
1/26 


The mean lives of a radioactive substance are 1620 years 
and 405 years of o-emission and B-emission, respectively. 
Find out the time during which three-fourth of a sample 
will decay if it is decaying both by a-emission and 
B-emission simultaneously. 


I 


- U 


‘Sol. For successive œ- and f-emission 
| | 


= ? = ———— + m F l 
ve Kat Kp 1620 405 1620 — 


K 


a 


Given at f =f; 
N = I/4N, (since 3/4 part decays) 


No 
N 


_ 2.303 


{= ——lo 


avg 


-= 2303x1620 log 4 = 449.24 years 


Calculate the effective neutron capture radius of a nucleus having 


a cross section of 1.0 barn. 


URUD 1.0 barn = 1.0 x 10-24 cm? = 10°78 m? 
The area of a circle is given by A = tr 
Hence, r= VÁT 

= (1.0«10-* cm’) / 3.14 
= 5.6 x 10% cm 


A 0.20 mL sample of a solutio 


is injected into the bloo 
sufficient time ofa circulatory equilibrium to be established. 0.10 
mL of blood is found to have an activity of 20 dpm. Calculate 


the blood volume of the animal. 


Si hes In the injected sample the activity 1s 


3.7x10!° dps 
(1.0 x 107 Ci) Geis = 3.7 x 10° dps 


In the sample withdrawn = (20 dpm) (1 min/60 s) 

= 0.33 dps 
The total activity of the entire blood volume is equal to the 
activity of the sample injected. The ratio of total activity of 
sample withdrawn is equal to the ratio of volumes. where 
V is the original body blood volume: 


3.7x 10? dps V +0.20 mL 
0.33 dps 0.10 mL 


V =1.1x10? mL =1.1L 


A sample of ,,1'5', as iodide ion, was administered to a patient 
in a carrier consisting of 0.10 mg of stable iodide ion. After 

4.00 days 67.7% of the initial radioactivity was detected in the 
thyroid gland of the patient. What mass of the stable iodide ion 
had migrated to the thyroid gland? Of what diagnostic value IS 
such an experiment? (fin = 8 days) 


2.30 
Sol K= a log Te 


K= 0.693 
N, ti/2 


of 
fe 


N 
Tr a ee 
p te N 


0 
N ; 
al o left in thyroid gland = 67.7% 


ral Op left of the initial conc = 70.7% 


tical 
Mt e= ex 100 = 95.8% 
pagnostio N° 70.7 ~~ 


1? 
mount left = 5) i 
= 0.707 x 0.1 mg 
= 0.0707 mg of I° 
decomposed of IP = 0.1 — 0.0707 
= 0.029 mg 


0.029 x 95.8 
piagnostic value = 5 = 0.02778 mg 


Amount 


-agof Themuts 22 a-particles per unit solid angle minute. 
Calculate t,, of Th (Th = 2372). 
a Numbers of a-particles per minute in all directions emitted 


=) x4n= XAN s7! 

60 
10g x6.02x10” 
Number of atoms in 1 mg of Th= — 933, 


Decay per second = r 


A solution contains | mCi of L-phenylalanin 
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a K x 10° x 6,02 x 10” 
15 232 


 K=177x 10" 


0.6 
and f = no =1.238 x 10! years 


e C'4 labelled in 2.0 
mL solution. The specific activity of labelled sample is given as 
150 mCi mmol"!. Calculate 
a. The concentration of the sample in the solution in 
mol L. 
b. The activity of solution in terms of counting per 
minute per mL at counting efficiency of 80%. 


a. 1 mmol = 150 mCi, 


1 mCi = $ mmal l ~333x107M 


o 
150 150x2 


b. 1 Ci = 3.7 x 10!° dps 
-3.7 x 101° x 60 dpm 


80 
= 3.7 x 10!° x 60 x —— in! 
x 100 counts mim 


_ 177.6 x10"° 


= 10 zal 5i 
Iml 88.8 x 10!9 counts min™ mL 


1 mCi = 88.8 x 107 counts min! mL"! 


£ 2 ag Exe rcises a | ) vt 
_ SSS cae | } 


12. 


Single Correct Answer Type | Ill 


Radioactivity and Group Displacement Law 


1. An element X loses one a- and two B-particles in three 


Successive stages. The resulting element will be 
(1) An isobar of X (2) An isotope of X 
(3) X itself (4) An isotone of X 


N 


produced on a phosphor screen? 

(1) GM counter (2) Bubble chamber 

(3) Ionization chamber (4) Scintillation counter 
3. Decrease in atomic number is observed during 

(1) Alpha emission 

(3) Positron emission 


(2) Beta emission 
(4) Electron emission 


4. Particles having energy of several hundred MeV are known 


as 
(1) Electrons (2) Nucleons 
(3) Fast particles (4) Super fast particles 


5. The triad of nuclei that is isotonic is 
(1) o NS, M (2) E N, gh? 
(3) Keg aN: ok (4) ao, aN, se 
6. Natural radioactivity was discovered by 
(1) Schmidt (2) Curie 
(3) Becquerel (4) Rutherford 
7. Radioactivity is due to 
(1) Stable electronic configuration 
(2) Unstable electronic configuration 
(3) Stable nucleus 
(4) Unstable nucleus 


8. Radium is a radioactive substance. It dissolves in dilute 
H,SO, and forms a compound radium sulphate. The 


compound is 
(1) No longer radioactive 
(2) Half as radioactive as the radium content 
(3) As radioactive as the radium content 
(4) Twice as radioactive as the radium content. 
9. Alpha rays are 
(1) Positively charged (2) Negatively charged 
(3) Neutral (4) Both (1) and (3) 
10. Which of the following does not characterize X-rays? 
(1) Radiation can ionize gases. 
(2) Radiation causes ZnS to fluoresce. 
(3) Deflected by electric and magnetic field. 


(4) Wavelengths are shorter than those of ultraviolet rays. 


11. The rays are given off by a radioactive element from 
(1) Nucleus (2) Valence electrons 
(3) All the orbits (4) Outer orbit 


- Which of the following detects radiations by flashes 


13. 


14. 


15. 


16. 


18. 


19. 


20. 


21. 


22. 


23. 


. The phenomenon of radioactivity is associated with 


The alpha particles are $ 
(1) High-energy electrons | 
(2) Positively charged hydrogen ions y 
(3) High-energy X-ray radiations ; w 
(4) Double positively charged helium nuclei 
The emission of beta particles is from o ‘ 
(1) The valence shell of an atom pre 
(2) The inner shell of an atom “ip 


| 
(3) The nucleus due to the nuclear conversion: proton» | 
neutron + electron 


(4) The nucleus due to the nuclear conversion:neutron | 
proton + electron i) 


A radioactive substance emanates: í ghi 
(1) Alpha article (2) Beta particle (I) 
(3) Gamma particle (4) All of these 0i 


A particle which is four times in mass and two times in 4 00e 
charge that of proton is called | 


(2) An alpha particle 

(4) Tritium 

Which of the following has the maximum penetrating 
power? 


(1) Helium atom 
(3) Deuteron 


(1) a-particle (2) Proton 


(3) y-particle (4) Positron 

(1) Decay of nucleus 

(2) Fussion of nucleus 

(3) Emission of electrons or protons 

(4) Rearrangement in the extra nuclear electron 


When passing through a magnetic field the largest deflection 
is experienced by 


(2) B-rays (3) y-rays (4) All equal 

Atoms with the same atomic number and different mass 
numbers are called À 
(1) Isobars (4) Isotopes 


How many a-particles are emitted in the nuclear l 
transformation: ,,Po7!° —> „Pb?!! +? „Hef { 


(1) 0 (2) 1 (3) 2 (4) 3 T 
Which one of the following does not consist of charged ( 
particles of matter? 
(1) a-particles (2) B-rays \ 
(3) y-rays (4) Anode rays 
Group displacement law was given by | 
(1) Becquerel (2) Rutherford ( 
(3) Mendeleef (4) Soddy and Fazan 


| 
From the reaction given below, deduce the group of i 
polonium in the periodic table (Pb belongs to group 14) 


gP 0219 —> , Pb205 + He! 
(1) 2 (2) 14 (3) 6 


(1) a-rays 


(2) Isomers (3) Isotones 


(4) 16 


hi 


pich 


oN 
JN „mber of electrons 
; with the same mass number but having different 


jh ‘ycleat charges are called 


(1) Jsotopes 

3) Jsochores 
7 one curie of activity is equivalent to 

(1) 37x1 


pia”? 
(3)3.7* 104 disintegrations per second 


(4) None 

which of the following pairs represents isobars? 
(2) „He? and ,He* 
(4) aK“? and „Cat? 


(2) Isobars 


(4) Isotones 


07 disintegrations per second 


0!9 disintegrations per second 


11. 
(1) a and Na’? 


(3) Mg” and Me” 

18. One atomic unit is equal to 
(1) 1.492 x 10-7 ergs (2) 1.492 x 10° ergs 
(3) 1.492 x 10" ergs (4) None of these 


s isobaric with the inert gas atom igh”. The 
£ the element is 1s? 2s? 2p® 3s” 3p° 
h atom of the element carry 


29, An element i 
electronic arrangement O 
452. How many neutrons does eac 


in its nucleus? 

(1) 22 (2) 20 (3) 18 (4) 16 

Two nuclei are not identical but have the same number of 

nucleons. These are 

(1) Isotopes (2) Isobars 

The density of nucleus js about ....----eeeeet? 

of atom. 

(1)10-7#4 = (2) 10" (3) 10% (4) 10" 

The ratio of the radii of the atom to the nucleus is 

010:1 104:1 ©) 02:1 (4) 10°: 

. The distance between nucleons in atomic nucleus 1S of the 
order of (1 Fermi = 10" 13 cm) | 
(1) 2 Fermi (2) 25 Ferm! 

(3) 100 Fermi (4) 40 Ferm! | 

34. The number of protons and neutrons for most stable e€ 

(2) Even-even 


(1) Even-odd aici 

3 i (4) Odd-eve 

acs follo mbers of both protons 
which of the 10 

and neutrons are present? i ü sni!8 

(1 123 (2) „Pb? (3) g2PP (4) so per. 
) 5952 (2) go ber of neutrons 


. i m 
36. Which of the followné has magi“ we (4) o6F e”? 
(1) ,AP7 2) 2 


37. Magic number elements are 
(1)In which the number of proton 


28, 50, 82, or 12° 


30. 


= 


(4) None 


(3) Isotones 
times the density 


31. 


— 


32. 


mo 


3 


Toad 


ement is 


3 wing the magic nu 


om 


38. 


39. 


40. 


41. 


42. 


43. 


44. 


45. 


46. 


47. 


48. 
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y ig different in isotopes of an element? . 
4, (2)Which are relatively more abundant 


(3)Which are unusually stable 
(4) All of these 
The SI unit of radioactivity is 


(1) Curie (2) Micro-curie 

(3) Rutherford (4) Becquerel 

Which of the following elements an isodiaphere of Mo 
(1) 9 Pa?! (2) Pb?” 

(3) gg Th”! (4) BP? 


During the transformation of X” to ix”, the number of 


B-particles emitted are 


-b 
(2) geite 


(1) 2c -dt+a-— b 
z a-b 
6) aa *\-« (4) 
2 
Which of the following has a negative charge? 
(1) Neutron (2) Positron 
(3) Neutrino (4) Antiproton 


A radioactive nucide emits y-rays due to: 


(1) Presence of greater number of protons than neutrons 
(2) Nuclear transition from higher to lower energy state 


(3) Pressure of greater number of neutrons than protons 


(4) K-electron capture 


In the radioactive decay: 


A A A-4 %A—4 
x > g 742 714 


The sequence of emission is: 

(1) P, Y, & (2) B, a, Yy 

(3) y.a, B (4) a, B, Y 

A certain radioactive material ,X“ starts emitting a and B 


particles successively such that the end product is 7 =. 
= 


The number of a and f particles emitted are: 
(2) 2 and 1 respectively 
(4) 4 and 3 respectively 


(1) 3 and 8 respectively 
(3) 3 and 4 respectively 
An element ,,Th?** looses an a-particle. If Th belongs to 
group III, the daughter element belongs to: j 

(1) Zero group (2) Group II 

(3) Group III (4) Group I 

If atomic mass of Th is 232.18 and its atomic no. is 90. If 


it looses 6 — a and 4 — ' 
dable cementis: P particles, the mass no. of finally 


(1) 212 
(5) 226 


(2) 208 
(4) 208.18 


Which of the fi 

ollowing 
i processe i : . 
the atomic number of a nuclide? ate yeaa a 


(1) a-emission 

(3) y-emission 

Atoms „Xå vB 
TA, gY” and .Z!7 

7X and atom z 94 are such that ¿Y is an isobar of 


is isot 
of neutrons ; one of .Y. M 
ons in Y are resectively: ass no..of X and no. 


(2) Electron capture 
(4) B-emission 
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49. 


50. 


51. 


52. 


(2) 17,7 | 


(1) 8,8 

(3) 9,8 (4) 16, 8 

Alpha decay of ,,U?** forms go Th?*4, What kind of decay 
from og Th?*4 produces gg? 

(1) a (2) B 

(3) B® (4) y-emission 


„Bi?!4 decays to A by a-emission. A then decays to B by 
beta emission, which durther decays to C by another beta 
emission. Element C decays to D by still another beta 
emission, and D decays by a-emission to form a stable 
isotope Æ. What is element £? 


(1) au (2) ae” 
(3) sour’ (4) grb 
Given: r= Ry A'3 where r is the radius of nucleus of mass 


no. 4 and R, is a constant whose value is equal to 1.5 x 107!5 
metre. (Given 1 amu = 1.66 x 10-74 g) 


What is the density of a nucleus of mass number A? 
4 
(1) 3" (1.5 x 1015$ 4 (2) 1.17 x 10" kg/cm? 


(3) 1.17 x 101 kg/m? (4) None of these 

Refer to Q. 51. Nucleus radius of ¿C!? is 3 x 10715 metre. 
What is density ratio of do / dyo ? 

(1) 1.76 x 10!” 
(3) 17.6 x 107 


(2) 1.76 x 1014 
(4) 17.6 x 10!7 


Radioactive Disintegration Series, n/p Ratio, Binding Energy 
and Packing Fraction 


53. In a-decay, n/p ratio: 


(1) May increase or decrease 
(2) Remains constant 

(3) Decreases 

(4) Increases 


54. In -decay n/p ratio 


(1) Remain unchanged 
(3) Increases 


(2) Decreases 
(4) May increase or decrease 


55. If n/p ratio is high, the nucleus tends to stabilize by: 


(1) The emission of a -particle 
(2) Neutron capture 

(3) Losing a positron 

(4) Any one of the above 


56. Who presented the theory of radioactive disintegration? 


(1) Rutherford and Soddy (2) Soddy and Fajan 
(3) Thomson and Rutherford 
(4) Hahn and Strassmann 


57. Starting from radium, the radioactive disintegration process 


5 


terminates when the following is obtained 


(1)Radon (2) Lead (3) Uranium (4) Thorium 


8. „U? emits 8 a-particles and 6 particles, The n/p ratio 


in the product nucleus is 


62 
(1) A 


60 
Oz 


61 62 
(3) 42 (4) — 


60. 


6l. 


62. 


N 


6 


Wa 


64. 


6 


n 


66. 


67. 


68. 


69. 


70. 


71. 


72. 


59. 


. The end product of (4n + 3) series is ? 
(1) abi” (2) gobo (3) ron: (4) 33 Bi208. 
In which of the following decays n/p remains constant? 
(2) B-emission 
(3) y-emission (4) None 
When „U? decays it emits an a-particle. The new nucli de 


in turn emits a B-particle to give another nuclide X. The mass 
number and atomic number of X are, respectively 


(1) 234 and 91 (2) 234 and 96 
(3) 232 and 88 (4) 234 and 88 


If „U? assumed to decay only by emitting two a- and one 
B-particles, the possible product of decay is 


(1) ane (2) gnc (3) gone” (4) goAc227 


(1) a-emission 


. Which of the following nuclei is unstable? 


(1) B" (2) Be? (3),N™ (4) 0 
goAc’”7 is a member of actinium series. Another member of 
the same series of 

(1) gU (2) gg Th??? (3) gg??? 
(5) p, AŻ! 


(4) m gi 


. The instability of a nucleus is due to 


(1) High proton electron ratio 

(2) High electron neutron ratio 

(3) Low proton electron ratio 

(4) Low proton neutron ratio 

Which of the following elements belongs to 47-series? 
(1) Pb-207 (2) Bi-209 

(3) Pb-208 (4) Pb-206 

The end product of (4n + 2) disintegration series is 

(1) Pb? (2) g Pb? (3) „PD? (4) ., Pb 
The end product of 4n series is 

(1) gaPB (2) Pb??? (3) PDO (4) PE 
Radioactive disintegration differs from a chemical change 
in being 

(1) An exothermic change 

(2) A spontaneous process 

(3) A nuclear process 

(4) A unimolecular first-order reaction 

The energy released during the fission of 1 kg of uranium is 
(1) 9 x 10% ergs (2) 9.0 x 10! ergs 

(3) 9.0 x 10! ergs (4) 9.0 x 108 ergs 


The negative value of packing fraction indicates that the 
Isotope is 


(1) Unstable 


(2) Very stable 
(3) Artificial 


(4) Stable 


The binding energy of an element is 64 MeV. If BE/nucleon 
is 6.4, then the number of nucleons are 


(1) 10 (2) 64 
(3) 16 ae 


a 


“ Total binding energy of a-particles is 
"(1) 28.3 MeV (2) 2.83 MeV 
3) 20.5 MeV (4) 0.283 MeV 
4, The energy equivalent to | amu is 
(1) 931.5 MeV (2) 93.15 MeV 
(3) 460 MeV (4) 554 MeV 
75. atomic weight of Th is 232 and its atomic number is 90. 
` The number of a- and B-particles which will be lost so that 
an isotope of lead (atomic weight 208 and atomic number 
82) is produced is 
(1)4a + 6B (2) 6a + 48 
(3) 8a + 2B (4) 10a + 28 
¢, Least branching is found in which of the following 
radioactive series? 
(I)4n+2 (2)4n (3)4n+3 (4)4n+1 
77. The atomic mass and atomic number of lead are 208 and 
$2. The atomic mass and atomic number of bismuth are 209 
and 83. The neutron/proton ratio in an atom 


~ 


1 


(1) Is higher in lead than in bismuth 
(2) Is lower in lead than in bismuth 
(3) Is equal in both lead and bismuth 
(4) None of these 


78. When n/p ratio of an isotope is greater than the stable isotope 
of that element, it emits 


(1) B-particles (2) a-particles 
(3) Neutron (4) Positron 
79. Which of the following is artificial radioactive series? 
(1)4n+1 (2) 4n+2 
(3) 4n (4) 4n +3 


80. All nuclides exhibit radioactivity when the atomic number 
exceeds 


(1) 80 (2) 83 
(3) 90 (4) 92 

81. Binding energy per nucleon versus mass number for W, X, 
Y, Z are indicated on the curve. 


| 


Binding 
energy 
per 
nucleon 
(MeV) 
Mass number ——> 

The Process that would release energy is: 
(X+y47 (2)W>X+Z 
B)W 2y (4) Y > 2Z 


-T hoi 
d dependence of binding energy per nucleon, B,, on the 
488 number A is represented by: 


83. 


84. 


85. 


86. 


87. 


88. 
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124 
A— 
T 
(By | 
96 96 
A—> A—> 


In the following graph, binding energy per nucleon is plotted 
against mass number (A). There elementA,,A, and A, are 
located in the graph. Select the false statement about the 
graph. 


f 


Binding energy 
per nucleon 


Mass number (A) > 


(1) A, is metallic element 

(2) Element A, is less stable than A, 

(3) Element A, is more stable than both A, and A, 

(4) Element A, is more stable than A, 

The mass defect for the formation of C!? is 0.10242 amu. 
Its binding energy would be 

(1) 95.35 MeV (2) 95.35 eV 

(3) 9.535 eV (4) 9.535 MeV 

The binding energy per nucleon of O!° is 7.97 MeV and that 


of O!” is 7.75 MeV. The energy in MeV required to remove 
a neutron from O!” is 


(1) 7.86 (2) 3.64 
(3) 4.23 (4) 3.52 
How much heat would be developed per hour from 1 curie of 


C'4 source if all the energy of beta decay were imprisoned? 
Atomic masses of C'4 and N'4 are 14.00324 and 14.00307 
amu respectively. 


(1) 3.36 J (2) 3.37 J 
(3) 3.38 J (4) 3.39 J 
In the reaction ,H? + Heo „Het + on! if binding energies 


of ,H?, H? and „Hef are respectively a, b, and c (in MeV), 
then the energy released in this reaction is: 

(lhatbte (2jatb—-c 

(3)c—(a+b) (4)ct+ta-b 

Consider the following decay gk > 55 o _,e°, Xis 
unstable because: 

(1) Its nucleus has excess energy 


(2) ” tatio is high 
Pp 
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(3) Z tatio is low 
P 


(4) None of these 

89. Consider the following decay 7X^ 
unstable because : 
(1) Its nucleus has excess energy 


A d 0 ig 
— 71% 4 +E > Xis 


(2) Z ratio is high 
P 

aA 

(3) — ratio is low 
P 


(4) None of these 
90. „„Ho’®5 is stable isotope. ,,Ho'® is expected to disintegrate 

by: 

(1) a-emission (2) B-emission 
(3) Positron emission (4) y-emission 
91. ,H! is a stable isotope. ,H? is expected to disintegrated by: 

(1) a-emission (2) B-emission 
(3) Positron emission (4) Proton emission 
92. Emission of B-particle is equivalent to: 

(1) Increase of one proton only 

(2) Decrease of one neutron only 

(3) Both (1) and (2) 

(4) None of these 


93. U5 + n! —> , Bal39 + Kr%4 + 3n! + 200 MeV 


Total energy released (in MeV) after 5" stage of fission is: 


(1) 48600 (2) 16200 
(3) 24200 (4) None of these 


Rate of Disintegration, Half and Average Life 
94. Radioactive decay is a reaction of 
(1) Zero order (2) First order 
(3) Second order (4) Third order 


95. Quantity of radioactive material which undergoes 
10° disintegrations per second is called 


(1) Becquerel (2) Rutherford 
(3) Curie (4) Faraday 
96. One curie of activity is equivalent to 
(1) 3.7 x 10!” disintegrations per second 
(2) 3.7 x 10!° disintegrations per second 
(3) 3.7 x 10!4 disintegrations per second 
(4) 3.7 x 10? disintegration per second 
97. The unit for radioactive constant is 
(1) time 
(3) time! 
98. The relation between half-life period (1, .) and disintegration 
constant (A) is expressed as 


‘ie = (2) À = 0.693 1, 


(2) time mol"! 
(4) mol time”! 


693 (4) à =693 tin 


99. If 2 g of an isotope has a half-life of 7 days, the half life of 
1 g sample is 
(1) 3.5 days (2)7days (3) 14 days (4) 28 days 

100. Half-life of a radioactive disintegration (A — B) having 
rate constant 231 s~! is 
(1) 3.0 x 107s (2)3 x 103s 
(3) 3.3 107s (4) 3.3 x 10° s 

101. C!4 has a half-life of 5760 years. 100 mg of the sample 
containing !4C is reduced to 25 mg in 
(1) 11520 years (2) 2880 years 
(3) 1440 years (4) 17128 years 

102. If 3/4 quantity of a radioactive substance disintegrates jp 
2 hours, its half-life period will be 
(1) 15 min (2) 30 min 
(3) 60 min (4) 90 min 

103. The initial mass of a radioactive element is 40 g. How 
many grams of it would be left after 24 years if its 
half-life period is of 8 years? 
(1) 2 (2) 5 (3) 10 (4) 20 

104. A radioisotope has a half life of 10 days. If today there is 
125 g of it left, what was its mass 40 days earlier? 


(1) 600 g (2)1000g (3)1250g (4)2000¢ 
105. The half-life periods of four isotopes are given below: 

i. 7.6 years ii. 4000 years 

iii. 6000 years iv. 3.2 x 10° years 

Which of the above isotopes is most stable? 

(1) iv (2) iii (3) i (4) 1 


106. Ra*?° has half life of 1600 years. The number of 
disintegration per second per gram is 
(1) 3.7 x 1010 (2) 9.2 x 108 
(3) 3.7 x 10° (4) 3.7 x 108 

107. The decay constant of Ra2?6 is 1.37 x 107! s}. A sample 
of Ra??ć having an activity of 1.5 millicurie will contain 
(1) 4.05 x 10!8 atoms (2) 3.7 x 10!’ atoms 
(3) 2.05 x 10!5 atoms (4) 4.7 x 10!° atoms 


108. The number of a-particles emitted per second by | g of 
Ra?*6 is 3.7 x 10! The decay constant is 


(1) 1.39 x 107! gl (2) 13.9 x 10! gs! 
(3) 139 x 107! ş~! (4) 0.139 x 107}! s7! 

109. Radioactivity ofa radioactive element remains 1/10 of the 
original radioactivity after 2.303 seconds. The half life 


period is 
(1) 2.303 (2) 0.2303 
(3) 693 (4) 0.693 


110. At radioactive equilibrium, the ratio of two atoms A and 
B are 3.1 x 10°: 1, If half life of A is 2 x 1010 years, then 
what is the half life of B? 


(1) 6.45 yrs 
(3) 5.46 yrs 


(2) 4.65 yrs 
(4) 5.64 yrs 
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nstant for an a-decay of Th??? is 1.58 x 10-10 s~! (1) 1/16 


_ medeoay °? cur from 1 g sample in 365 days? 
jil w many a-decays Oc 8g ple in ays? 
j a9 x 10" (2) 1.298 x 1019 
(1) 3219 x 10! (4) None of these 


(3) xt percentage of decay takes place in the average life 


(1) 63.21% (2) 36.79% 
3) 90% (4) 99% 
The half life of Ra is 1600 years. The fraction of a sample 
I fRa that would remain after 6400 years is 
0 


| 
l = 
i OF 


C4 


1 
] A) 
O3 “lie 
114. A radioisotope has half life of 10 years. What percentage of 
the original amount of it would you expect to remain after 
20 years? 


(1)0 (2) 12.5 
(3)25 (4) 8 
115. Ifa radioactive element is placed in an evacuated container, 
its rate of disintegration 
(1) Will be increased 
(2) Will be decreased 


(3) Will change very slightly 
(4) Will remain unchanged 
llé. 1 g atom of an a-emitting _X^4 (half life = 10 hr) was 


placed in sealed containers, 4.52 x 1023. Helium atoms will 
accumulate in the container after 


(1) 4.52 br (2) 10.00 hr 

(3) 9.40 hr (4) 20.00 hr 

C-14 has a life of 5760 years. 100 mg of sample containing 
C-14 is reduced to 25 mg in 

(1) 11520 years (2) 2880 years 

(3) 1440 years (4) 17280 years 

When the quantity of a radioactive substance is increased 


two times, the number of atoms disintegrating per unit time 
is 


(1) Doubled 


117. 


118, 


oo 


(2) Increased by square of two 
(3) Increased but not to a great extent 
(4) Not affected 


“Na radioactive substance is subjected to a vacuum, the 
ate of disintegration per second 


(1) Increases considerably 


(2) Increases only if the products are gaseous 
(3) Is Not affected 


(4) Suffers a slight decrease 


n 
The half-life period of a substance is 1600 min. How much 
action of the substance will remain after 6400 min? 


~<a 


121. 


122. 


123. 


124. 


125. 


126. 


127. 


128. 


129. 


130. 


(3) 528 


(2) 1/4 
(3) 1/8 (4) 1/2 
If 8.0 g of radioactive isotope has a half life of 10 hours, the 
half life of 2.0 g of the same substance is 
(1) 2.5 hours (2) 5.0 hours 
(3) 10 hours (4) 40 hours 
If two light nuclei are fused together in nuclear reaction, the 
average energy per nucleon 
(1) Increases (2) Decreases 


(3) Cannot be determined (4) Remains same 


A certain nuclide has a half life period of 30 min. If a sample 

containing 600 atoms is allowed to decay for 90 min, how 

many atoms will remain? 

(1) 200 atoms (2) 450 atoms 

(3) 75 atoms (4) 150 atoms 

A substance is kept for 2 hours and three-fourth of that 

substance disintegrates during this period. The half life of 

the substance is 

(1) 2 hr (2) 1 br 

(3) 30 min (4) 4 hr 

The decay of a radioactive element follows first order 

kinetics. Thus, 

(1) Half-life period = a constant/K, where K is decay constant 

(2) The rate of decay is independent of temperature 

(3) The rate can be altered by changing chemical conditions 

(4) The element will be completely transformed into new 
element after expiry of two half-life period 

After three half lives, the percentage of fraction of amount 

left is 

(1) 6.35 (2) 12.5 

(3) 50 (4) 75 

A radioactive sample had an initial activity of 56 dpm. A fier 


69.3 minutes, it was found to have an activity of 28 dpm. 
Find the number of atoms in a sample having an activity of 
100 dpm. 

(1) 693 (2) 100 

(3) 1000 (4) 10,000 

A radioactive sample has initial activity of 28 dpm, 


30 minutes later its activity is 14 dpm. How many atoms of 
nuclide were present initially? 


cy 2800 (2) 1212 

(4) 2802 

Asample of radioactive substance is found 90% of its initia] 
amount after one day. What % of the original sample can be 
found after 3 days? 


(1) 81 (2) 72.9 
(3) 25 (4) 65.61 ` 
The half-life of a radioactive element is 100 minutes. The 


time interval between the stages to 50% and 87.5% decay 


will be: 


0.54 


131. 


132. 


133. 


134. 


155: 


136. 


137. 


Physical Chemistry 


(1) 100 min (2) 50 min 
(3) 200 min (4) 25 min 
aroha =183 sec) decay to Pb? (4, = 161 sec) by 


a-emission, while Pb?!4 is a B-emitter. In an experiment 
starting with 1 mole of pure Po?!8, how much time would 
be required for the number of nuclei of goPb!4 to reach 
maximum? 


(1) 147.5 (2) 247.5 
(3) 182 (4) 304 
There are two radio nuclei 4 and B. A is a a-emitter and B 


is B-emitter. Their disntegration constant are in the ratio of 
l : 2. What should be the number of atoms ratio of A and B 
at time f= 0, so that initially probability of getting of a and 
B-particles are same? 

(1) 2:1 (2)4:1 

(3) 1:2 | (4)1:4 

A pure radio-chemical preparation was observed to 
disintegrate at the rate of 2140 counts/minutes at 12.35 P.M. 
At 3.55 P.M. of the same day, the disintegration rate of the 
sample was only 535 count/minutes. What is the half-life 
of the material? 


(1) 50 min (2) 100 min 
(3) 200 min (4) None of these 
A radioactive nuclide is produced at a constant rate of a per 


second, Its decay constant is À. If N, be the no. of nuclei at 
time ¢ = 0, then maximum number of nuclei possible are : 


(1) Ny (2) a/À 
À 
(3) No += (4) —+No 


Two radio isotopes A and B of atomic mass X and Y are 
mixed in equal amount by mass, After 20 days, their mass 
ratio is found to be 1 : 4 Isotope A has a half-life of 1 day, 
the half-life of isotope B is: 


Y X 
(1) 1.11 — da (2) 0.11 — da 
) yo ) yoy 
(3) 0.6237 day (4) 1.10 day 
Two radioactive nuclides A and B have half-lives 50 min and 


10 min respectively. A fresh sample contains the nuclide of 
B to be eight times that of A. How much time should elapse 
so that the number of nuclides of A becomes double of B? 


(1) 30 (2) 40 
(3) 50 (4) 100 
Ac??? has a half-life of 22 years. The decays follows two 


parallel paths 


m Th227 (% yield = 2) 
Ac 
(A) 


2 
—* Fr’3 (% yield = 98) 
What are the decay constants ( À) for Th and Fr respectively? 
(1) 0.03087, 0.00063 (2) 0.00063, 0.03087 
(3) 0.02, 0.98 (4) None of these 


138. Upon irradiating californium with neutrons a new nuclide 
having mass number of 250 and a half-life of 30 
was found. After 90 min. of irradiation, the obs 
radioactivity due to nuclide was 100 dis/min. How 
atoms of the nucleide were present initially? 

(1) 2.4 x 104 (2) 3.46 x 104 
(3) 1900 (4) 800 

139. The average (mean) life of a radio nuclide which decays by 

parallel path is: 


Min. 
erved 
many 


hi 


A——> B; i, =1.8 10° sec! 
hy 
2A ——> B; },=1.8 x 10° sec! 
(1) 52.63 sec (2) 500 sec 
(3) 50 sec (4) None of these 


140. In order to determine the volume of blood in an animal. a 
1.0 mL sample of solution of 10° dpm of ¡H° is injected into 
the animal blood stream. After sufficient time for circulatory 
equilibrium to be established, 2 mL of blood is found to have 
activity to 10 dpm. The volume of blood in animal is: 

(1) 199 mL (2) 198 mL 
(3) 200 mL (4) 20 mL 

141. The ratio of activities of two radio nuclides X and Y in a 
mixture at time t= 0 was found to be 4 : 1. After two hours. 
the ratio of activities become 1 : 1. If the t,, of radio nuclide i 
X is 20 min, then ¢,/, [in minutes] of radio nuclide F is: 

(1) 10 (2) 20 
(3) 30 (4) 40 

142. The radioactive decay ,,Bi?!! —» , TP”, takes place in 3 
100 L closed vessel at 27°C. Starting with 2 moles of ` 
g3Bi*!'(t,,. = 130 sec), the pressure development in the 
vessel after 520 sec will be: 

(1) 1.875 atm (2) 0.2155 atm 
(3) 0.4618 atm (4) 4.168 atm i 

143. A fresh radioactive mixture contains short lived species 4 
and B. Both emitting a-particles initially of 8000 a-particles 
per minute. 20 minutes later they emit at the rate of 3500 
a.-particles per minute. If the half-lives of the species 4 and 
B are 10 minutes and 500 hours respectively, then the ratio 
of activities of A : B in the intial mixture was: 

(1)4:6 (2)6:4 \ 
(3)3:4 (4)3:1 i 
Artificial Transmutation, Nuclear Reactions and Applications | 
of Radioactivity ; 
144. Ina chain reaction uranium atom gets fissioned formingtwo | 
( 


different materials, The total weight of these put together 
is 


(1) More than the weight of parent uranium atom \ 
(2) Less than the weight of parent uranium atom ( 
(3) More or less depends upon experimental conditions ( 
(4) Neither more nor less r 


Nuclear Chemistry 6.55 
ne of the following nuclear transformations is 
7 ‘ h 0 
whic 


b, ? 
I g) type: 
OF > Be’ + an 
i As” + He 5Br + gn! 
(2)3 
(3) 8 
(4) °° lear fusion reaction is 
An example of nuc 


3 210 l 
Bi20? + Fs eee g4PO + on 
3 45 1 
454 K Ca" + H 

234 
6 an + oft! — goth 


J9 
4 30 l 
jpa + „He — isP + o” 


(I 

l 4 l 

(3) He’ + He — „He +2 H 
239 l 

4) gg — o3Np + 0€ 


i47. The reaction gU + gn’ —> s6Ba' t9 + Kr + 3 AL 


represents 
(1) Artificial radioactivity (2) Nuclear fission 
(3) Nuclear fusion (4) None of these 
U8, ce" in upper atmosphere is Senerated by the nuclear 
reaction 


(1) N'4+ H!—» Or: yer iH! 
(2) Ni‘ —? b + ye 
(3) JN" + n! —> C4 + i 


(4) N4 H — gn + He’ 


189. In a nuclear reactor, chain reaction is controlled by 
introducing 
(1) Iron rod (2) Cadmium rod 
(3) Graphite rod (4) Gold rod 

130. In a nuclear explosion, the energy is released in the form 
of 
(1) Thermal energy (2) Kinetic energy 
(3) Potential energy (4) Electrical energy 

15] 


- Which one of the following is a major hurdle in finding 


Ways to properly harness nuclear fusion energy on a 
commercial scale in an effort to solve nuclear crisis? 

(1) Purifications of raw materials 

(2) Finding safe way 
(3) To maintain high 
(4) Non-availability 


s to disposing off the waste products 
temperature for the reaction 

of skilled scientists 

Breeder reactors are nuclear reactors that are capable 
of converting non-radioactive isotopes into radioactive 
fissionable isotopes, which can be used for generating 


energy, U-238, a non-radioactive isotope is thus converted 
nto radioactive 


(D) U-234 (2) Pu-94 (3) 1-131 (4) C-13 
- Inwh 


ich of the following radioactive isotopes 1-131 is not 
used? 
(1) In the diagnosis of lever and kidney disorder 
(2) Treatment of thyroid diseases 
(3) Increasing absorption of calcium in the body 
(4) For locating tumors in brain. 


. 


182, 


183 


154. 


157. 


158. 


159. 


160. 


161. 


162. 


An atom of radium combines with two atoms of Pre 
to form RaCl, molecule. The radioactivity of RaCl, will be 
(1) Zero 

(2) 1/3 of the same quantity of radium | 

(3) As much as that of same quantity of radium 

(4) 1/4 of the same quantity of radium 


ae . s i in 
- Mass number of a nuclide is 216, its approximate radius 1 


fermi units is 


(1) 6.0 (2) 7.0 (3) 8.0 (4) 8.4 


- The I-128 has no therapeutic value because 


(1) It is poisonous 

(2) It is very stable 

(3) It decays quickly and loses radioactivity 

(4) It is not radioactive 

The radioactivity due to C-14 isotope (half life = 6000 
years) of a sample of wood from an ancient tomb was found 
to be nearly half that of fresh wood. The tomb is there for 
about 

(1) 3000 year old (2) 6000 year old 

(3) 9000 year old (4) 12000 year old 


Which of the following ages cannot be determined by 
radioactive carbon dating? 


(1) Remains of the animal 

(2) Samples of rock from old mountain 

(3) A 1000-year-old tree 

(4) An old piece of wood 

The age of most ancient geological formations is estimated 
by 

(1) C-14 dating method 

(2) K-Ag method 

(3) U-Pb method 

(4) Ra-Rn method 


The source of enormous energy of sun is 


m helium 


| tum to form helium 
Which of the follow; 

the nuclide? 
(1) O-particle 
(3) Deuteron 


Owing projectiles is the best for bombarding 


(2) Proton 


i (4) Neutron 
OWin : 
(1) 5,Cado 4. yl 8 nuclear ch 


anges is j ; 
eo g ncorrect? 
(2) Mg 4 f H 
3 27 
(3) Calta, nl Iqdi + an! 
0 l 
(4) 29Co43 ta o”? asd j j A 
2 “4 
ee “Owing i 
rea i i 
; a 1yAl27 4 He 8 A 'S emitted in the nuc] 
' : ear 
0 (2) 60 3) haa 
H! 
l (4) H2 
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164. 


165. 


166. 


167. 


168. 


169. 


170. 


171. 


172. 


173. 


174. 


Physical Chemistry 


When ‚C135 undergoes (n, p) reaction, the radioisotope 
formed is 

(1) pp (2) M (3) u” (4) m 
Neutrons are more effective projectiles than protons because 
they 

(1) Are attracted by the nuclei 

(2) Are not repelled by the nuclei 

(3) Travel with high speed 

(4) None of these 

A method which uses radioactivity for determining 
the age of prehistoric materials is called 

(1) Carbon dating (2) Deuterium dating 

(3) Radium dating (4) Uranium dating 

Which of the following nuclear reaction occurs in nature 
for the formation of tritium? 

(1) ,Li® + jn! —> He* + R 

(2) ;B'? + yi! —> 2 ,He* + H? 

(3) N’4 + on! — ¿C + H’ 

(4) ,Be? + D? —> 2 „Het + H? 

The chemist who helped in the discovery of the maximum 
number of transuranic element is: 

(1) Sir Robert Robinson (2) Sir J.J. Thomos 


(3) Professor Sea Borg (4) Sir N.C. Hishelwood 
Artificial radioactivity was first discovered by 

(1) Sea Borg (2) Rutherford 

(3) Einstein (4) Irene Curie 


What is X in the nuclear reaction? 
Ne a E j 0 +X 
(1) H (2) git" 

The reaction 

iD? + ,T3—> He? + yn! 


is an example of 


(3) y (4) e? 


(1) Nuclear fission 

(2) Nuclear fusion 

(3) Artificial radioactivity 

(4) Radioactive disintegration 

The equipment used to carry out nuclear reaction in a 
controlled manner is called 
(1) Breeder reactor 

(3) Thermonuclear fission (4) Cyclotron 


(2) Nuclear reactor 


Which of the following is used as neutron absorber in the 
nuclear reactor? 

(1) Water 

(2) Deuterium 

(3) Some compound of uranium 

(4) Cadmium 

The age of rocks on earth or the samples of rocks and dust 


brought back from the moon can be found by determining 
the proportion of radioactive ............ in the rock of dust. 


175. 


176. 


177. 


178. 


179. 


180. 


181. 


182. 


183. 


184. 


185. 


186, 


187. 


(1) Potassium and stable calcium 

(2) Uranium and stable lead 

(3) Carbon and stable carbon 

(4) Radium and stable lead 

The radioisotope used in the treatment of cancer ig 
(1) C-12 (2) Co-60 = (3) I-31 (4) P-3] 
«C4 in the upper atmosphere is formed by the action of 
neutron on 

(1),N" (2) gor! (SIr (4) ,0'8 
Hydrogen bomb is based on the principle of 

(2) Nuclear fusion 


(4) Chemical reaction 


(1) Nuclear fission 
(3) Nuclear explosion 


Which of the radioactive isotopes is used for temperature 
control in blood disease? 


(1) P* (2) H? (B) Rn? (4) 7131 
Which of the following is not a fissionable material? 
(1) U238 (2) U233 (3) Pu23?2 (4) u25 


A cyclotron is used to 
(1) Accelerate neutrons 
(3) Accelerate protons 
In nuclear reactors heavy water is used as a 

(1) Fuel (2) Projectile (3) Moderator (4) Arrester 
Slow neutrons can bring about the fission of 

(1) U25 (2) pU 68) PDT (4 sU% 
Living things contain C!? and C!, C!? is stable and C! 
decays and declines in proportional quantity. The technique 


that used this principle for determining the age of fossils 
skeletons, old trees, and dinosaurs is called 


(1) C-12 dating (2) Radiocarbon dating 
(3) Carbon age (4) Fossil carbon 


(2) Accelerate electrons 
(4) Accelerate a-particles 


The nuclear process that takes place when a hydrogen bomb 
is exploded is of the same nature as the process 


(1) In the centre of the earth 

(2) In the sun and stars 

(3) During a red dust storm 

(4) During atom bomb fission 

Tritium, ,H°has a half-life of 12.26 yr. A 5.00 mL sample 
of tritiated water has an activity of 2.40 x 10° cpm. 
How many years will it take for the activity to fall to 
3.00 x 108 cpm? 

(1) 6.13 (2) 12.16 

(3) 24.52 (4) 36.78 

In uranium mineral, the atomic ratio N 539 /N 206 is 
nearly equal to one. The age (in years) of the mineral is 
nearly (half-life period of U-238 is 4.5 x 109 yr) 

(1) 4.5 x 108 (2) 4.5 x 109 

(3) 3.0 x 10° (4) 3.0 x 108 

There are 0.618 ug of Pb206 and 0.238 ug of U238 in a rock. 
If Tiy of U238 is 1.5 x 109 year, age of the rock is 


j 


Nuclear Chemistry 6.57 
0.15 x 10° Y1 (2) 3.0 x 10? yr 


196. The isotopes U28 and U2?5 occur in nature in the mass ratio 


i it (4) 1.5 x 109 yr 
the hazards of nulear explosion is the generation of 
F on dit subsequent incorporation in bones. This nuclide 
f ’ „alf-life of 28.1 years. Suppose one microgram was 


j orbed by a new-born child, how much Sr will retain 


at pones after 20 years? 

in 

4) 0.7321 Be (2) 0.6107 ug 
g) 0.5814 ug (4) 0.2142 ug 


apiece of wood from an archaeological source shows a C14 
' tivity which is 60% of the activity found in fresh wood 
today. The age of archaeological sample will be: 
(1) 4246 yrs (2) 4628 yrs 
(3) 6248 yrs (4) 4624 yrs 
i, Inthe nuclear reacton QU? — oo Th?28 + Het, (Given: m(U) 
-232.038u, m(Th) = 228.0.29u and m(He) = 4.003 u), the 
ratio of speed of a-particle and speed of light is about 
(1) 0.25 (2) 0.036 
(3) 0.005 (4) 0.018 
Which of the following is a spallation reaction? 
(1) e ii +4 ft! <> gu” +y 
(2) Cu? + „Het > ,,CP7 + 16,7? + 14H! 
(3) H2 + H? > „Het +y 
(4) 0t ,H? N Het 
. A0.50 g sample of rock was found to have 2.5 x 10% mol 
of K“ (t = 1.3 x 10? yr) and 7.5 x 10° mol of ,,Ca*’. 
How old is the rock? 
(1) 6.5 x 108 yr (2) 1.3 x 10° yr 
(3) 2.6 x 109 yr (4) 5.2 x 10° yr | 
193, Ina sample of wood, the reading of acounter is 32 dpm and 


ina fresh sample of tree it is 122 dpm. Due to error we 
gives the reading 2 dpm in absence of C!4. Half life o 


— 
. 


19 


re 


is 5770 years. B 
The approximate age (in years) of wood sample 1s: 
(1) 7997.2 (2) 57570 
(3) 11540 (4) 15140 


i the relative number of 
194, An analysis of the rock shows that ne EEN 


Sr?” and Rb®? (t p = 4-7 * 101° year) 2 87 pave been formed 
the age of the rock? Assume all the Sr 


from Rb?” only. 

(1) 7.62 x 10? years 
(3) 3.28 x 10? years 
195. A radioactive substance (par 
element. The age of radioactiv B 
the daughter (d)/parent (p) ratio DY 


] 1t) 
Ie" p 


bf 2 
i (d cy r= tn( 5) 
(3) = — 


(2) 1.43 * 10° years 

8 years 
4) 4.32 * 10° y 
a decays tO its daughter 
e subtsance (Ò is related to 
e equation: 


197. 


198. 


199. 


200. 


201. 


202. 


140 :1. It is assumed that initially they were found in equal 

mass. If half life (t,,.) of U238 = 4.5 x10° and ¢,/. of U2 = 

5 x 108 year respectively, then the age of earth in years is 

(log 7 = 0.846; log 2 = 0.3) 

(1) 4.02 x 10° (2) 2.01 x 10° 

(3) 8.72 x 10° (4) None of these 

Find the age of an ancient Egyptian wooden article (in years) 

from the given information. 

i. Activity of 1 g of carbon obtained from ancient wooden 
article = 7.7 counts/min/g 

ii. Activity of 1 g carbon obtained from fresh wooden 
sample = 15.4 counts per min/g 

iii. Percentage increase in level of C 14 due to nuclear 
explosions in past 100 years is 10% 

iV. ty) of «C'4 = 5770 years 

(1) 5.770 x 10° (2) 16.87 x 103 

(3) 2488 (4) None of these 


Effective neutron capture radius of a nucleus having cross- 
section of 1.0 barn is: 


1 1 
-28 _2 \5 
of” m } 
T 


-27 _2 \> 
of" m j 
T 
1 


l 
iin e 2m X2 
G) 2m (4) 1072” m2 


A radioactive nuclide is produced at a constant rate of a 
per second. Its decay constant is À. If N, be the number of 


nuclei at time ¢= 0, then what will be the maximum number 
of possible nuclei? 


a 
M2  ØM+* OM aren 

A À a 
Half life of a radioactive substance A is two times the half 
life of another radioactive substance B. Initially, the number 
of nuclei of A and B are N a and N, respectively. After three 
half lives of A, number of nuclei of both become equal. The 
ratio of N,/N, will be 
(1) 1/2 (2) 1/8 
(3) 1/3 (4) 1/6 
The average life of a W g sample of RaE2 is T seconds 
and the average energy of B-particles emitted is E MeV. At 
what rate in watts does the sample emit energy? 


SWN, E 
| EO. 8(In 2)WN 
8WN, E 
3 of -13 : 
) m 10 (4) None is correct 


A light nuclide t 
of neutrons but 
(1) ,He4 


hat has n/p ratio 2 and has magic number 
Still shows radioactivity 
(2) R? 


(3) R? (4) „He? 


6.58 Physical Chemistry (2) y-rays travel with higher speed as compared to a-particle 


(4) a-rays are not emitted simultaneously with a- and 
B-rays. 

6. For emission of a-particle from uranium nucleus: 

„U25 — Het —> og Th”?! 

Shortage of two electrons in thorium is due to 

(1) Conversion of electron to positron 

(2) Adsorption in the nucleus 

(3) Annihilation | 

(4) Combination with positron to evolve energy 
7. Radioactivity is generally not found in 

(1) Light nuclei (2) Stable nuclei 

(3) Heavy nuclei (4) Nuclei of intermediate mass 


8. Which of the following statements about radioactivity is/ 
are true? 


(1) It involves outer electrons activity. 

(2) It is not affected by temperature or pressure. 

(3) It is an exothermic process. 

(4) The radioactivity of an element is not affected by any 


15. 


16. 


17. 


18. 


Which of the following statements about this system are 

correct? 

(1) The mass number of B is greater than A. 

(2) After two hours, less than 10% of the initial A is left. 

(3) Maximum amount of B present at any time is less than 
50% of the initial amount of A. 

(4) The atomic numbers of A and C are the same. 

Which of the followings are a-emitters? 

(1) Po2!3 (2) Pb2!5 (3) 222 (4) Ra2® 

Which of the followings nuclides belong to actinium (U>>) 

series? 

(1) Pb (2) Po?!5 

In the decay process: 


(3) Po?’ (4) H? 
h-t BoP GG 

(1) A and B are isodiaphers (2) A and C are isotones 
(3) A and D are isotopes (4) B, C, and D are isobars 
Which of the following is/are incorrect? 

(1) 1 curie = 3.7 x 10!° dis 

(2) Actinium series starts with U8, 


j ionization power as com 
Multiple Correct Answers Type Iil and have higher ionization p pared to a 
i B-particle V i 
Radioactivity and Group Displacement Law (3) Loss of B-particles results in the production of isobars i f 
1. Which of the following statements about radioactivity are (4) B-particles are considered as the best bombarding | f 
correct? particles f | p 
(1) It is a nuclear property. 12. .,U?38 (III B) undergoes follows emissions | 
(2) It does not involve any rearrangement of electrons. : ye ty a top Byc ) 
. “other elements. 92 | 
(3) It is not affected by the presence of oth aaa EET | 
(4) Its rate is affected by the change in temperature and/ot . : 
ssure (1) C will be of III A (boron family group) | 
pressure. oe | 
2. Which among the following nuclides is/are likely to be (2) A will be of III B group 7 
stable? m (3) B will be of II A (alkaline earth metal) group | 
114 3 
(1) PA i (2) Me" (3) ag (4) ist (4) A will be of I B group fr 
3. Which of the vow nuclei are es par 44. “Which of following options are incorrect regar dig the , / 
(1) U> (2) He (3) 50 (4) g2 elimination of and ß particles to form an isodiaphere? f 
4. Which of the following is/are correct? 2) na, (n+ DB 
—_ 3 bce z 1010 dps (1) na, nB ( ) (1) 
(1) 1 Fermi = 10°dps (2) 1 curie = 3.7 p (3) no (4) nB 
(3) 1 rutherford = 10° dps (4) 1 becquerel = 1 dps . . ee 
5. Which of the following is/are correct? Radioactive Disintegration series, n/p ratio, in ing Energy  /) 
(1) a-rays are more penetrating than f-rays. and Packing Fraction id i i 
i j e sequence and wi 1) 
(2) a-rays have greater ionizing power than B-rays. 14. A radioactive element A decays by q k 
. half-lives given below: 
(3) B-particles are not present in the nucleus, yet they are a 2B 
emitted from the nucleus. Aann? P Saas” C i 


other element compounded by it. (3) Nuclear isomers contain the same number of protons 


and neutrons. 


(4) The decay constant is independent of the amount of the 


9. Which of the following contain(s) material particles? 


radioactive decay process, it will remain neutral after the 


3) Seleni i 
(3) Selenium decay if the process is: 


(4) Polonium 


11. Select the correct statement(s): (1) An a-decay 


(3) A K-capture process 


(2) A y-decay 


(1) a-particles are simply helium atoms (4) A B-d 
-decay 


~ 


~~ erect starting material and product of different Nuclear Chemistry 6.59 


f j f ation Series is/are 
i 32 por (2) Np237, Bi209 
(1) 35. pb“ ere ph 


(3) i ofthe following is/are correct when a nuclide of mass 
j be (A) and atomic number (Z) undergoes radioactive 
ess l 
) goth A and Z decrease, the process is called a-decay. 
) remains ao and Z decreases by 1. The process 
ig called BY or positron decay or K-electron capture. 
; goth A and Z remain unchanged, the process is called 
y-decay. 
4) Both A and Z increase, the process is called nuclear 
jsomerism. 
y}, The nuclide X undergoes a-decay and another nuclides Y 
undergoes p°-decay, which of the following statements is/ 
are correct? 
(1) The 8°-particles emitted by Y may have widely different 
speeds. 
(2) The a-particles emitted by X may have widely different 
speeds. 
(3) The a-particles emitted by X will have almost same 
speed. 
(4) The B-particles emitted by Y will have the same speed. 
13, The mass defect of the nuclear reaction .B°-—> Bets e" 
is Am; the wrong expression is/are 
(1) Am = atomic mass of ( pe = B’) 
(2) Am = atomic mass of gB- „B8) + mass of one electron 
(3) Am = atomic mass of (Be = ;B*) + mass of one positron 
(4) Am=atomic mass of GBe= .B*) + mass of two electrons 
14. Which of the following elements have binding energy per 
nucleon less than 7 ? 
(1) ,Li° (2) Fe” 
OF (4) C” 
25. Mass of 1 amu gives energy equal to 
(1)9 x 10° ergs (2) 931.5 MeV 
(3) 1.494 x 101° J (4) 9 x 1084 
26. In electron capture (radioactive process) 
(1) A neutron is formed 
(2) A proton is consumed 
(3) y-ray emission takes place 
(4) X-ray emission takes place 
27. Select the correct statement(s) for 
unstable nucleus. 
(1) X-ray emission takes place 
(2) A neutron is formed 


Jeus increases 


positron emissi 


(3) ua of daughter nuc 
p 


(4) A neutron 1s consumed 


on by 


28. Select the correct statement(s): 


1)M 
(1) Mass number remains constant when positron emission 
takes place 


(2) One neutron converts into proton in B (_,e°) emission 
process 


(3) Activity of a radioactive substance double when 
temperature increases from 300 K to 310 K 


(4) Isodiaphers formed when one alpha particle emited and 
isotopes formed when 2 beta particles emitted 


Rate of Disintegration, Half and Average Life 

29. The halflife period ofa radioactive element does not depend 
upon: 
(1) Temperature 
(2) Pressure 
(3) Initial amount of radioactive element taken 
(4) Nature of radioactive element 

30. Radon undergoes decay by a-emission 

ty) = 3.8 decay 

Ro??? Po?!’ 4 He‘ 
Which of the following statements will be true of this decay 
process? 


(4) If the initial amount of radon was | mg, the amount of 
radon left after 11.4 days will be 0.125 mg. 


(2) Activity of radon after 7.6 days will be Np x (5.3 x 107 Vs 
where N, is the original number of atoms of the radon. 


(3) The decay constant of radon is 2.1 x 10% s7! 
(4) 60% of the radon will decay in 5 days approximately 


31. It is observed that only 0.39% of the original radioactive 
sample remains undecayed after eight hours. Hence: 


(1) The half-life of that substance is 1 hour 


(2) The mean life of the substance is hour 


loge 2 

(3) Decay constant of the substance is (log, 2) hour! 

(4) If the number of radioactive nuclei of this substance at 
a given instant is 108, then the number left after 30 min 
would be ./2 x 10° 

32. A counter rate meter is used to measure the activity of a 
radioactive sample. If at certain instant, the count rate was 
recorded as 475 counter per minute. Five minutes later, the 
count rate recorded was 270 couts per minute. What is the 
half life period of the sample in minutes ? 

(1) 3.0 (2) 3.5 

(3) 5.0 (4) 6.0 


Artificial Tansmutation, Nuclear Reaction and Applications 
of Radioactivity 
33. In a nuclear reactor, heavy water is used to 
(1) Increases the speed of neutrons 
(2) Decreases the speed of neutrons 
(3) Transfer the heat from the reactor 
(4) None of above 
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34. Which among the following is/are fissible? 
(1) 9.0795 (2) pU? (3) ggPu?9? (4) gP? 
35. Which of the following is/are true? 
(1) The most radioactive element present in pitchblende is 
uranium. 
(2) P-32 is used for the treatment of leukaemia. 
(3) CO, present in the air contains C-12 only. 
(4) Omission of y-rays changes the mass number but not 
atomic number. 
36. Which of the following is/are the examples of induced 
radioactivity? 
(1) ;N'* + ,He*—> ,0!7 + H! 
2) Be? + ,H!—> gL i? + Het 
(3) 2Mg* + „Het—> Si? + gi! 
(4) ,B'°+ ,He*W—5 NB + gn 
37. Which one of the following statements is/are correct? 
(1) Neutron was discovered by Chadwick. 
(2) Nuclear fission was discovered by Hahn and Strassmann. 
(3) Polonium was discovered by Madam Curie. 
(4) Nuclear fusion was discovered by Fermi. 
38. Select the correct statements: 
(1) In the nuclear process: 
woe ae -Hef j bk 4 ge +X 


X stands for neutron 

(2) In the nuclear process: 
a =j sat 4 B® +X 
X stands for neutrino 

(3) In the nuclear process : 
,H? —> He + ad +X 
X stands for antineutrino. 

(4) The rest mass of a stable nucleus is lesser than the sum 

_ of rest masses of its separated nucleons. 
39. Select the correct statements: 

(1) In nuclear reactor, cadmium is used to absorb neutrons. 

(2) In nuclear reactor, molten sodium is used for transferring 
heat generated from the reactor to a turbine steam boiler 
i.e., acts as a heat exchanger. 

(3) Carbon-14 dating method is based on the fact that ratio 
of C-14 and C-12 remains constant during disintegration. 

(4) As’4 is used to locate blood clots and circulatory disorder 

40. Select the correct statement(s): 

(1) In the reaction ,,U??? + yn! —» , Ba!4 4 Zot tae 
sak 

(2) In the reaction Na? + z —» „Mg? + o's the 
bombarding particle z is deuteron 

(3) Very large amount of energy is produced during nuclear 
fisson and nuclear fussion 


(4) In a fission reaction, a loss in mass occurs releasing a 
vast amount of enegy 


41. Assuming that about 200 MeV of energy is released pe 
fission of »,U*° nuclei, then the mass of U235 consum i 
per day in a fission reactor of power | megawatt will be 
approximately: 


(1) 107 g (2)1g 
(3) 100 g (4) 1000 g 


ne ||| 


Paragraph 1 

The activity of a nucleus is inversely proportional to its half or 
average life. Thus, shorter the half life of an element, greater is its 
radioactivity, i.e., greater the number of atoms disintegrating per 
second. The relation between half life and average life is 


ti = ve = t X 0.693 
À 


or T= 1.44t , 

1. The half life of a radioactive element is 10 years. What 
percentage of it will decay in 100 years? 
(1)99.9%  (2)10% (3) 50% (4) 66.5% 

2. The half-life periods of four isotopes are given I = 6.7 years: 


IIT = 8000 years; III = 5760 years; IV = 2.35 x 10° years. 
Which of these is most stable? 


(1) I (2) I (3) I (4) IV 
3. Mark the incorrect relation. 
(1) Ny = Ne™ (2) t= 1.441, ; 


oven (t 


Paragraph 2 
Unstable nuclei attain stability through disintegration. The 
nuclear stability is related to neutron proton ratio (n/p). For 
stable nuclei n/p ratio lies close to unity for elements with low 
atomic numbers (20 or less) but it is more than 1 for nuclei 
having higher atomic numbers. Nuclei having n/p ratio either 
very high or low undergo nuclear transformation. When r. p ratio 
is higher than required for stability, the nuclei have the tendency 
to emit B-rays. While when n/p ratio is lower than required for 
stability, the nuclei either emits Q-particles or a positron or capture 
K-electron. 
4. Unstable substance exhibit high radioactivity due to 
(1) Low p/n ratio (2) high p/n ratio 
(3)p/n= | (4) None 
5. B-particle is emitted in radioactivity by 
(1) Conversion of proton to neutron 
(2) Conversion of neutron to proton 
(3) B-particle is not emitted 
(4) None ; 
6. = biii ga M38 —_» yN* + 2,He*; .N* —> al” | 
The number of neutrons in the element L is 
(1) 140 (2) 145 (3) 138 (4) 160 


Y 


following nuclides, the highest tendency to decay 


K r the 
1 Ao emission 1S l 
68 (2) Cu”? 
(1) Cu 67 
68 (4) Cu 


hes ble isotope; ;,AI”’ is e isi 
risa sta e isotope; 13 xpected to disintegrate 
$. 13 
by a 
1) p-emission 
0) y-emission 


(2) a-emission 
(4) Positron emission 


gr Jioacti 
. disintegration of a radioactive element, a- and B-particles 
volved from the nucleus. 
eA _¢° + Antineutrino + Energy 
1H pes He" + 2 ,,e° + Energy 
„n emission of these particles changes the nuclear configuration 
a results into a daughter nuclide. Emission of an a-particle 
ls into a daughter element having atomic number lowered by 2 
pi mass number by 4; on the other hand, emission of a B-particle 
velds an element having atomic number raised by 1. 
o, Which of the following combinations give finally an isotope 
of the parent element? 
(1) a, a, B (2) a, y, a 
(3) a, B, B (4) B, y, & 
i0. Aradioactive element belongs to III B group; it emits one a- 
and one B-particle to form a daughter nuclide. The position 
of daughter nuclide will be in 
(1) ITA (2)1A 
3) IB (4) IVB 
11. During B-decay, the mass of atomic nucleus 
(1) Decreases by 1 unit (2) Increases by 1 unit 
(3) Decreases by 2 units (4) Remains unaffected 
12. How many a- and B-particles should be emitted from a 
radioactive nuclide so that an isobar is formed? 
(I)la, 1p (2) la, 2B 
(3) 2a, 2B (4) nB 
13. Select the correct statements amo , 
(1) Emission of a B-particle results into an 1 
element. 
(2) Emission of a 
parent element. 


(3) Emission of one a- 
isotope of the parent ¢ 


(4) Emission of y-radiations may 
Paragraph 4 
Uranium GU") decayed to g2 


g the following: 
sobar of parent 


-particle results into an isodiapher of 


and two B-particles results into an 


lement. l 
yield a nuclear isomer. 


Pb2%, The decay process 1s 


2 — apy 


ln Of U238 = 4.5 x 10° years 

cay series are 
(2) 9, 6 
(4) 8, 6 


14. x and y in above de 
(1) 6, 8 
(3) 8,8 
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15. 


16. 


17. 


: Matrix Match Type 


This section contains questions each wit 
and II. Match the items in column I with that in column II. 


A sample of rock from South America contains equal number 
of atoms of U238 and Pb. The age of the rock will be 

(1) 4.5 x 10? years (2) 9 x 10° years 

(3) 13.5 x 10° years (4) 2.25 x 10° years 

Atomic mass of U238 is 238.125 amu. Its packing fraction 
will be 

(1)6.25 (0.125 (3) 12.5 (45.25 

The analysis of a rock shows the relative number of UZ? 
and Pb2 atoms (Pb/U = 0.25). The age of rock will be 


(1) 2.303 4.5109 log 1.25 
0.693 

2.303 

——_ X 

0.693 


2.303 9 
3) == x 4.5x10 log 4 
6) 0.693 g 


(2) 4.5x10° log 0.25 


2.303 
iren x 0.693 log 4 
” 4.5x10° j 


h two columns—I 


| T Column I 
a., 2/3rd life 
b.| Average life 

c.| L/A 

d. Ten times of half life 
e.| X-rays 


-| 75% decay 
»| 2% tiz | 
. 99.9% decay 
. Radiations undeviated 


| in electric field 


E 


i | | Column [ Column H 


p. Uranium series 


$ | Neptunium seri 
q p series 
r. 


| Actinium series 


J 


iB : > 
s. Thorium series 


3. | | Column 1 rE EE 
a. | Be’ + Het > ,C? +... 
b. Cc? are B + „Hef qe gt 
Cc. N" Poo ¿01 re iH! E E j D? 
d. | gCat +... > K3 + „Het | | HI | 
[| aaBi? + Het ARN. | te E 
i _ | Column I `| Column I 


_| Series Particles emitted 


a.| Thorium — 
b.| Neptunium 
€ | Actinium 


ain 2 S 
! | 
| 


d. Uranium 7 
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Column II 
(Characteristics) 
Unstable, positron 
emitter 

: Unstable, b- -emitter 


Column I 
(Isotope) 


Unstable, a-emitter | 


s || Stable i 


Column II 
(Result) 


Column I 
(Particles emitted) 


a. | One a-particle Isobar g 
| b.| One a- and two Isotope 


| B-particles 


For Q.S to Q.11 


c. One f-particle Isodiapher 


d. | y-radiation 


Atomic number reduced 
by two and mass number 
by four 


.| Nuclear de-excitation 
A aas rE 


Column II 
Nar 


oA Column I 

m g “ae eaa ” a — 
a.|Probability of survival 

of a radioactive nucleus 


for one mean life | | 


b. Amount remaining after | q. 
-|n half lives 


E r f E” i s 


Ry. R = Rate at time f 


C. r. 
Ri ’ R, = Rate at time f 
2e 


d.| Amount left on llth day s.| l/e 
starting with | mol of A 


(tin = 10 days) | 


Answer the question given below by appropriately matching the information given in three column of the following table 


<a R 


n/p ratio 


a Nuclides with atomic number less than | i 
82 and with very low n/p ratio 


= e 


b  Nuclides with atomic number less than 
82 with very high n/p ratio 


c Nuclides with atomic number greater | iii 
than 82 and n/p ratio becomes stable 


on E a T is due to n-p and p-p attractive forces s 


operating at nuclear distance. 


Column H | Column MI 
n/p ratio of daughter element Process 
n- A p) p>n+p? 
= | 
A+] ) q  &-emissiom 
z+l 
(z - z) r| n—>p+p 
z+1 
sls | k-capture 


[v Stability is due to reduction of p-p repulsion and 
| excess of neutrons over protons. | 


8. For the nuclides (,,Hg!” and ,,H,'°”), the only correct 
combination is: 
(1) a—i1, iv—p (2) b—iii, iv—r 
(3) cH, v—q (4) a—i1, 1v—s 

9. For the nuclides. (,,AI?° and ,,Kr*), The onlt correct 
combination is: 
(1) a—il, 1v—p 
(3) c—i, v—q 

10. Which of the following processes cause in decrease in 

atomic number? 


(2) b—iil, iv—r 
(4) a—ii, iv—s 


(1)p.qs (par  (3)q,r,8 = (4) q,8 
11. Which of the following processes cause emission of X-ray 
(1) p, q (2) q,1 (3)Onlyr (4) Only s 


Numeric value tyre I 


1. An emission of a- particle decreases the atomic number of 
parent element by 


(1) 4 (2)2 (3)3 (4) 1 


2. An emission of B- particle increases the atomic number of 


parent element by 
(1) 1 (2) 2 (3) 3 (4) 4 


3. How many a- particles will be emitted when og La changes 


i Inl 
into ggPO7 


(1) I (2) 2 (3) 3 (4) 4 


4. After 20 min, the amount of certain radioactive substance 


disintegrate was 15/1 6th of the original amount. What is the 
half-life of the radioactive substance? 


(1) 4 (2) 6 (3) 5 (4) 8 


N 
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ife eriod of a radioactive substance is 2 min. The 
Al ha i velg of the substance to reduce to 0.25 g will be 


N 


e a4 (3) 6 (4) 8 

(I)? „of neutrons in a parent nucleus X, which gives N" 
i ymber? jve B emission, would be 
rg succes 


(2)7 (3) 8 (4) 9 

) ee 

ae nucleus absorbs a neutron and disintegrates into 
J 


sat po _ Sr™, and x. What will be the product x? 
Ne 38 


A 4 neutrons (2) 2 neutrons 

“ i articles (4) 2 B-particles 

ie half life of C -14 is 5600 years. A sample of freshly cut 
i 


-wood from a tree contains 10 mg of C-14. The amount left 
inthe sample after 50000 years is (a — x) x 100. The value 
af (a _x)* 100 is 


10. For a nuclear reaction, the mass defect is 0.00859 amu. 
Calculate the energy released in MeV. 
(1) 6 (2)9 (3) 4 (4) 8 

11. Ift, and t; are time required for completion of 3/4 decay 
and 1/4 decay, then 4,4 = tip X n.M is: 

12. A positron and an electron collide and annihilated to 
emit two gamma photons of same energy. Calculate the 
wavelengths in pm corresponding to this gamma emission. 


13. If one starts with 1 Curie (Ci) of radioactive substance 
(ti = 15 hr), the activity left after a period of two weeks 
will be about 0.02 x pCi. Find the value of x. 


14. If 80% of a radioactive element undergoing decay is left 
over after a certain period of time ¢ from the start, how 
many such periods should elapse from the start for just 
over 50% of the element to be left over? 


2) 2 3)3 , ' 
(yl f 3 ) : . as , 15. Total number of nuclides which are B? emitter are: 
a, In the following given numbers, how many are the magic 1 Cat I Hg” II. B? 

numbers? - 20 80 5 

+ $20.50, 113, 126, 141, 148, 300, 314 IV. Ho V AP? VE Kr” 

(0)4 (2)7 (3)5 (4)9 

e y 
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zE ADVANCED from linearity for atomic number, Z > 20. For an unstable 
~ nucleus having N/P ratio less than 1, the possible mode(s) 
Sngle Correct Answer Type of decay is(are). 


1. Bombardment of aluminium of a-particle leads to its 
artificial disintegration in two ways (i) and (ii) as shown 
below. Product X, Y, and Z, respectively, are 

s3 i il 30 -30 
uS +X pA” wyi PFY — 5i +Z 
(1) Proton, neutron, positron (2) Neutron, positron, proton 


(3) Proton. positron, neutron (4) Positron, proton, neutron 


(1) B -decay (B emission) 
(2) orbital or K-electrons capture 
(3) neutron emission 


(4) B*-decay (positron emission) 
(JEE Advanced 2016) 


Numerical Value Type 


1. The periodic table consists of 18 groups. An isotope of 


(IIT-JEE 2011) copper, on bombardment with protons, undergoes a nuclear 
hii Toirert Answer tbe reaction yielding element X as shown below. To which 
L In th | tation group, element X belongs in the penodic table? 
. Jez mu 
eae aan ee ps ypCu* + H! — 6an! + „He? (a) + 2H! + Nà 
4 > 4 i i 
(X,Y) is/are (IIT-JEE 2012) 
A 2. A closed vess a , ase 
f Aye (3) (n, D) (4) (Y, p) osed vessel with rigid walls contains RY ; 
ica) (2) (p, D) id g s contains | mol of SW and 
(JEE a a i p of air at 298 K. Considering complete pin D 
agains a x 206p credit x x ~ sie ~ 2 
2. A plot of the number of neutrons (N 1) pa a sh bi b, the ratio of the final pressure to the initial pressure 
oie g l e system at 298 K ic — 
f protons (P) of stable nucle! exhibs EXERCISES ystem at 298 K is (JEE Advanced 2015) 
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